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An “impact” in publishing 


On 20 June 2019, Clarivate Analytics (2019) announced its 
Journal Citation Reports of 2018. From this, Zoological 
Research (ZR) received its first impact factor based on 
citations in 2018 for indexed papers published during 2016 to 
2017. Although the new impact factor (1.556) is modest, it 
ranks ZR at 52 among the 170 SCI journals (quartile 2) in the 
Zoology category. This excellent result is not only a reflection 
of your enduring support, but also in recognition of our efforts 
to boost ZR from a Chinese-language only journal in 1980 to 
an English-language only journal of international standing by 
2014. 

From its original founding by a group of first-generation 
zoologists in "New China", ZR has aimed to publish the latest 
advances and scientific findings in the field of zoology. This 
goal has remained unchanged for the past four decades and 
has allowed ZR to become a respected platform that 
encourages fair and open scientific discussion. We hope that 
the rigorous and meaningful science published in ZR will 
reach ever wider audiences as such outstanding research 
deserves international recognition. It is for this reason that we 
continue to publish via open access. 

With the official announcement of our latest impact factor, 
we have witnessed a boost in submissions from researchers 
across the world within the zoological field. In addition to the 
recently announced impact factor, we also believe this 
increase to be a reflection of our reputation as a prompt and 
well-respected platform for the dissemination of cutting-edge 
and high-quality research. As such, we wish to emphasize the 
journal's unique areas of interest and warmly welcome 
submissions with a research focus on: (1) Primates and 
Animal Models; (2) Conservation and Utilization of Animal 
Resources, and (3) Animal Diversity and Evolution. 

ZR also continues to maintain its academic publishing 
integrity and reinforce its publishing policies (Editorial Office 
of Zoological Research, 2016; Liu, 2016; Yao & Jiang, 2018). 
Most recently, ZR amended the ethics requirements regarding 
submissions involving field animal surveys and sample 
collection, as well as animal material import and export, which 
applies to all submissions since 01 June 2019. From that 
date, all submissions must clearly state whether "all applicable 
international, national, and/or institutional guidelines for the 
care and use of animals were strictly followed; all animal 
sample collection protocols complied with the current laws of 
XX (country name)..." or not; and "permission/document/ 
series numbers for conducting scientific field surveys and/or 
material transfer agreements" must be provided (Editorial 
Office of Zoological Research, 2019). 

In addition, for papers that have encountered problems with 
previous peer review, ZR offers a chance for successful and 
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fast publication for those authors whose work is of a suitably 
high standard. Authors can submit their manuscript along with 
a point-by-point reply to the issues and comments raised by 
the reviewers. Such submissions will be fairly and promptly 
evaluated by ZR editorial board members and experts in the 
field, and, if accepted, be guaranteed fast-track publication. 

Peer review is an effective and vital measure to ensure the 
academic quality of publications. However, the improper 
handling of conflicts of interest (COls) during manuscript 
review can introduce bias in evaluating research findings. 
Thus, ZR authors must disclose all potential COIs and all 
reviewers and editors must follow the recommendations of the 
International Committee of Medical Journal Editors (ICMJE) in 
handling potential COls. Reviewers and editors must declare 
all COls relevant to the work under consideration (i. e., 
relationships, both financial and personal, that may interfere 
with the interpretation of the work) to avoid potential bias and, 
furthermore, must not use knowledge of the work they are 
reviewing before its publication in furtherance of their own 
interests (International Committee of Medical Journal Editors, 
2017, 2018). 

Receiving its first impact factor is another stepping-stone 
along the evolutionary path of ZR. With strong support from 
our editors, reviewers, authors, and readers, ZR will continue 
to progress and improve. We hope that the pride we feel in 
publishing your excellent research is shared in return. Should 
you have any exciting work or constructive suggestions you 
would like to share, please do not hesitate to contact us. 


yaw” 


Yong-Gang Yao, Editor-in-Chief 


Sincerely yours, 


Kunming Institute of Zoology, Chinese Academy of Sciences, 
Kunming Yunnan 650223, China 


m i 


Yun Zhang, Executive Editor-in-Chief 


Kunming Institute of Zoology, Chinese Academy of Sciences, 
Kunming Yunnan 650223, China 
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Prolonged milk provisioning and extended maternal 
care in the milking spider Toxeus magnus: biological 
implications and questions unresolved 
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Prolonged milk provisioning and extended parental care for 
nutritionally independent offspring, previously considered to 
only co-occur in long-lived mammals (Clutton-Brock, 1991; 
Royle et al., 2012), were recently reported in the reproduction 
of the milking spider, Toxeus magnus (Chen et al. 2018). 
Newly hatched 7. magnus spiderlings require 53 days to 
develop to maturity, with an average adult body length of 6.6 
mm. The mother provides milk droplets to her newly hatched 
spiderlings until they develop into subadults (~38 days old), 
during which their body lengths increase from 0.9 mm at birth 
to 5.3 mm at weaning. Although spiderlings can forage for 
themselves at around 20 days old, they remain in the 
breeding nest for weeks after maturity. These results were 
published in Science as a report in November 2018 (Chen et 
al., 2018). 

T. magnus is not the first recorded invertebrate to provide a 
milk-like substance to nourish offspring. Examples of maternal 
nutrient liquid provisioning are reported across different 
arthropod clades, such as flies, cockroaches, burying beetles, 
bees, swaps, and ants (Benoit et al., 2015; Bilinski et al., 
2018; Ostrovsky et al., 2016; Wong et al., 2013). Examples 
also appear in Arachnida, including scorpions and 
pseudoscorpions (Ostrovsky et al., 2016). However, there are 
two distinct differences that emphasize the uniqueness of T. 
magnus compared with the above examples. First, T. magnus 
mothers progressively feed their young with secretions from 
the hatchling stage until sub-adulthood, whereas those 
mentioned above only provide nutritional liquid pre-birth, 
known as insect viviparity, or for newly-hatched young. 
Second, T. magnus provides maternal care for sexually 
mature offspring, which has not been reported in other 
examples. These two characteristics suggest that 7. magnus 
is comparable to long-lived social mammals in reproduction. 

Milk is a unique type of maternally secreted fluid found 
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across the animal kingdom and plays an integrative role in 
nourishment and immunological protection for young (Ward & 
German, 2004). Nutritionally, essential and non-essential 
amino acids and bioactive proteins in milk are indispensable 
for newborn survival (Demmelmair et al., 2017). In addition to 
nourishment and immunological functions, milk provisioning in 
mammals can further affect litter size, sex ratio, offspring size, 
and brain size at weaning (McCGraham, 1964; McClure, 
1987; Page et al., 2009; Taylor et al., 2005). However, despite 
the unique benefits, lactation is considered the costliest part of 
reproduction for mothers (Gittleman & Thompson, 1988), with 
a mean caloric intake for females during lactation 6696— 18896 
greater than that for non-reproductive females (Gélin et al., 
2015; Glazier, 1985; McCGraham, 1964; Millar, 1978). In 
addition to the costs of lactation, the deposition of fat prior to 
breeding and during gestation may function as a 
supplementary energy supply to meet the needs of milk 
production (George et al., 2010; McClure, 1987). We 
speculate that the extremely high cost of milk provisioning is 
one of the main barriers for the evolution of lactation in non- 
mammals. The discovery of similar milking behavior of T. 
magnus implies that tiny-bodied arthropods can afford the 
costs of "lactation"; however, what costs are incurred by 
mothers in regard to this "lactation" remain unidentified. 
Therefore, prospective studies are required to examine the 
costs of milk provisioning to the mother, as well as future 
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reproduction opportunities, longevity, predation pressure, and 
energy costs of milk production. These investigations should 
help clarify the specific factors that contribute to the 
occurrence of "lactation". 

Mammalian milk is secreted from the mammary gland, 
which is considered to have evolved from sweat or skin 
glands, with the nipple thought to have evolved from relevant 
hair follicles (Clutton-Brock, 1991; Royle et al., 2012; Vorbach 
et al., 2006). There are three possible criteria for the origin of 
the mammary gland: (1) enhancement of offspring 
survivorship at the early birth stage by supplying additional 
nutrition (Hayssen, 1993), (2) provision of water to keep the 
early mammalian parchment-like eggs moist (Oftedal, 2002), 
and (3) establishment of immunological protection for young 
to reduce infection risks (Vorbach et al., 2006). In 7. magnus, 
however, we found no evidence for the physiological process 
of milk secretion or immunological effects of milk. Hence, 
histological, transcriptomic, and metabolic analyses are 
required to confirm where and how the spider milk is secreted. 
Furthermore, behavioral and biochemical studies are 
necessary to examine the immunological functions of milk. 
These results should enhance our understanding on the origin 
and evolution of milk secretions across different animal clades. 

Parental care often stops once offspring acquire the ability 
to forage for themselves (Royle et al., 2012). Caring for 
nutritionally independent offspring is unusual, with exceptions 
mainly reported in long-lived vertebrates, such as the bonobo 
(Pan paniscus) (Clutton-Brock, 1991; Royle et al., 2012). The 
rarest form of parental care is for sexually mature offspring, 
which appears to be restricted to long-lived social vertebrates 
(Clutton-Brock, 1991; Royle et al., 2012). This prolonged 
parental care may increase fitness by enabling offspring to 
devote more time to learning life skills, such as foraging 
(Hoppitt et al., 2008), anti-predation, defense against brood 
parasites, social skills, and mate selection (Brown & Laland, 
2001; Curio, 1993; Davies & Welbergen, 2009). For example, 
bonobo mothers usually assistant their sexually mature sons 
to win intrasexual competitions for social status and mates 
(Surbeck et al., 2011). The milking spider, T. magnus, is the 
first recorded invertebrate species to provide parental care to 
adult offspring, although it remains unknown whether offspring 
gain long-term benefits from extended parental care as 
obtained in long-lived social vertebrates. Therefore, further 
research is required to examine the correlations between 
extended parental care and long-term fitness of offspring. 
Future studies should examine whether offspring provided 
with extended parental care are more competitive than those 
without when competing for high-quality mates and food 
resources. Furthermore, if extended parental care enhances 
offspring fitness, how are the long-term benefits achieved? 
Such studies will greatly expand our knowledge on the long- 
term benefits of extended parental care in a wider range of 
animal clades. 

The evolutionary process and current "lactation" in the 
spider clade (Araneae) are also worth investigating, which will 
help to understand the evolutionary history and current 
patterns and factors that contribute to or restrict milk 


242  www.zoores.ac.cn 


provisioning and extended parental care in non-mammals. 
Thus, additional species from the same family (Salticidae) and 
across other families are required for molecular and 
behavioral phylogenic reconstruction. Furthermore, genomic 
analyses of milk secretions and extended parental care in 
spiders remain to be undertaken. 

In conclusion, T. magnus is the first non-mammalian species 
found to provide both milk and extended maternal care for 
their young (Chen et al., 2018), which was previously thought 
to only co-occur in long-lived social vertebrates. Based on the 
current results, a series of focused studies, ranging from 
ecological to genetic research, should be conducted to further 
our understanding of the evolution and adaptation of lactation 
and extended parental care in non-mammals. 
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ABSTRACT 


We present a morphological and molecular 
assessment of the Microhyla fauna of Myanmar 
based on new collections from central (Magway 
Division) and northern (Kachin State) parts of the 
country. In total, six species of Microhyla are 
documented, including M. berdmorei, M. heymonsi, 
M. butleri, M. mukhlesuri and two new species 
described from the semi-arid savanna-like plains of 
the middle part of the Irrawaddy (Ayeyarwady) River 
Valley. We used a 2 481 bp long 12S rRNA- 16S 
rRNA fragment of mtDNA to hypothesize 
genealogical relationships within Microhyla. We 
applied an integrative taxonomic approach 
combining molecular, morphological, and acoustic 
lines of evidence to evaluate the taxonomic status of 
Myanmar Microhyla. We demonstrated that the 
newly discovered populations of Microhyla sp. from 
the Magway Division represent two yet undescribed 
species. These two new sympatric species are 
assigned to the M. achatina species group, with both 
adapted to the seasonally dry environments of the 
Irrawaddy Valley. Microhyla fodiens sp. nov. is a 
stout-bodied species with a remarkably enlarged 
shovel-like outer metatarsal tubercle used for 
burrowing and is highly divergent from other known 
congeners (P-distance28.896). Microhyla irrawaddy 
sp. nov. is a small-bodied slender frog reconstructed 
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as a sister species to M. kodial from southern India 
(P-distance=5.3%); however, it clearly differs from 
the latter both in external morphology and 
advertisement call parameters. Microhyla mukhlesuri 
is reported from Myanmar for the first time. We 
further discuss the morphological diagnostics and 
biogeography of Microhyla species recorded in 
Myanmar. 


Keywords: Narrow-mouth frogs; Burma; Indochina; 
Magway; Kachin; Biodiversity; Taxonomy; mtDNA; 
Morphology; Acoustics; Advertisement call 


INTRODUCTION 


Narrow-mouth or pygmy frogs of the genus Microhyla Tschudi, 
1838 represent the largest genus of the Asian subfamily 
Microhylinae. The genus currently includes 46 species of 
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mostly small to miniature ground-dwelling frogs (Frost, 2019). 
Microhyla frogs occur in various habitats across the East 
(southern China, including Taiwan and Hainan islands, and 
Ryukyu Archipelago of Japan), Southeast (Myanmar and 
Indochina, Malayan Peninsula, Sumatra, Java, Bali, Borneo, 
and some Philippine islands), and South Asia (Bangladesh, 
Nepal, Indian subcontinent to northern Pakistan in the west 
and Sri Lanka in the south) (Frost, 2019; Parker, 1934). Many 
Microhyla species are miniaturized, representing possibly the 
smallest known Asian tetrapods (Das & Haas, 2010). 
Taxonomic diversity of Microhyla is undoubtedly 
underestimated (Matsui et al., 2011; Poyarkov et al., 2014), 
with over half of currently recognized species being described 
within the last 15 years (Frost, 2019). Molecular phylogenetic 
methods have proven to be useful for uncovering cryptic 
diversity in Microhyla frogs (e.g., Hasan et al., 2014; Matsui et 
al., 2011, 2013; Seshadri et al., 2016; Vineeth et al., 2018; 
Wijayathilaka et al., 2016; Yuan et al., 2016; Zhang et al., 
2018). 

The Republic of the Union of Myanmar, formerly known as 
Burma, is the largest country of mainland Southeast Asia. 
However, it remains one of the least herpetologically studied 
areas in the region (Grismer et al., 2018a; Mulcahy et al., 
2018; Zaw et al., 2019). To date, only five species of Microhyla 
have been recorded from the country and data on their 
distribution and variation are scarce (see Mulcahy et al., 2018; 
Wogan et al., 2008). Herpetological exploration of Myanmar 
(Burma) started with the expeditions of William Theobald in 
1855 to 1873, with the first published data on Burmese 
Microhyla appearing in Mason (1860). Later, based on 
Theobalds’ collections from Pegu in southern Burma (now 
Bago, Bago Division), Blyth (1856) described a new species 
named Engystoma berdmorei Blyth, 1856, now regarded as 
Microhyla berdmorei (Blyth, 1856). This species was later 
found to be widely distributed across the country, recorded in 
Karin Biapo (Kayah State; Bourret, 1942), Chin Hills (Chin 
State; Shreve, 1940), and later in the Rakhine and Shan 
States, and Magway, Sagaing, Tanintharyi, and Yangon 
Divisions (Mulcahy et al., 2018; Wogan et al., 2008). 

Microhyla butleri Boulenger, 1900, which was originally 
described from the Malayan Peninsula, was reported from 
Burma by Parker (1934, p. 131), though without voucher 
information. This species was later reported from eastern and 
southern parts of the country, including the He-Ho Valley in 
southern Shan State (Bourret, 1942), Kayah State 
(Hallermann et al., 2002; based on historical collection from 
an expedition of L. Fea to Burma in 1885), Yangon (Wogan et 
al., 2008), and Tanintharyi divisions (Mulcahy et al., 2018). 

In his monograph on Microhylidae, Parker (1934, p. 140) 
reported on M. ornata (Duméril et Bibron, 1841) from 
Moulmein (now Mawlamyine, Mon State) and Pegu based on 
the collections of Theobald and from Thayetmyo (now Thayet, 
Magway Division) based on the collections of Watson. The 
Species was first mentioned for the country by Mason (1860) 
as Engystoma carnaticum Jerdon, 1854 “1853”. Recent 
molecular studies demonstrated that M. ornata, previously 


considered to be a widely-distributed taxon, in fact represents 
a polyphyletic group of morphologically similar, but 
phylogenetically distant cryptic species (Garg et al., 2018a; 
Hasan et al., 2012, 2014, 2015; Howlader et al., 2015; Matsui 
et al., 2005; Yuan et al., 2016). These studies, however, did 
not include samples from Myanmar in their analyses. The 
recent review of Myanmar herpetodiversity by Mulcahy et al. 
(2018) mentioned M. fissipes Boulenger, 1884 (type locality 
“Formosa”, Taiwan) for Yangon, Sagaing, Bago, Mandalay, 
and Magway. In contrast, based on molecular study, Yuan et 
al. (2016) recently demonstrated that M. fissipes sensu stricto 
only occurs north of the Red River Valley, with populations 
from Indochina assigned to M. mukhlesuri Hasan, Islam, 
Kuramoto, Kurabayashi et Sumida, 2014, which was recently 
described from eastern Bangladesh. Hence, the taxonomic 
status of Myanmar populations previously regarded as M. 
ornata or M. fissipes remains unclear and requires further 
clarification. 

Microhyla heymonsi Vogt, 1911 (originally described from 
“Formosa”, Taiwan, China) was first recorded from Myanmar 
in the He-Ho Valley (Shan State) by Bourret (1942). The 
species was later recorded in Kayah State (Hallermann et al., 
2002), Kachin State, and Tanintharyi and Yangon divisions 
(Wogan et al., 2008), and more recently in the Bago and 
Mandalay divisions (Mulcahy et al., 2018). 

Finally, M. rubra (Jerdon, 1854), originally described from 
Karnataka in southern India, was first mentioned to occur in 
Myanmar by Parker (1934, p. 143) based on a specimen 
collected by W. Theobald in Moulmein (specimen number 
BMNH87.2.26.24). This record was later repeated by Dutta 
(1997). Wogan et al. (2008) reported M. rubra from the 
Magway Division as a first record for the country, and also 
mentioned sympatric populations of M. berdmorei, M. ornata, 
and an undescribed species of Microhyla. Recently, Mulcahy 
et al. (2018) examined the 16S rRNA gene sequence of a 
Magway specimen identified as M. rubra by Peloso et al. 
(2016), reporting that the Magway population was not 
conspecific with M. rubra from Sri Lanka and India (Mulcahy et 
al., 2018, p. 117), and was therefore designated as "Microhyla 
sp. B". Mulcahy et al. (2018) also reported on a new 
population of Microhyla from Chatthin (Sagaing Division), 
which could not be assigned to any currently recognized 
species, and which they nominated as "Microhyla sp. A". 
Thus, the taxonomic status of these populations, as well as 
the undescribed species from the Magway Division mentioned 
by Wogan et al. (2008), is understudied and requires an 
integrative taxonomic approach for clarification. 

During herpetological surveys in the Magway Division and 
southern Kachin State of Myanmar (see survey sites in Figure 
1) in July 2018, we encountered a number of Microhyla 
specimens, which were assigned to five tentative 
morphospecies (Figure 2). We applied molecular, 
morphological, and acoustic analyses to evaluate their 
taxonomic status and herein describe two new species of the 
genus Microhyla. 
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Figure 1 Map of Myanmar (A) showing geographic location of survey sites, including the close-up of Irrawaddy River Valley near 
Pakokku, Magway Division (B) 
Colors of localities correspond to B those used in Figure 3. Photo shows female Microhyla irrawaddy sp. nov. Photo by Nikolay A. Poyarkov. Map 


data — courtesy of Google Maps (2018). 
Figure 2 Species of Microhyla encountered during our lempus surveys in the Magway Division and Kachin State of Myanmar 
A: Male Microhyla irrawaddy sp. nov. from Pakokku, Magway (paratype); B: Female Microhyla irrawaddy sp. nov. from Kan Pauk, Magway 


(paratype); C: Male Microhyla fodiens sp. nov. from Kan Pauk, Magway (holotype); D: Male M. mukhlesuri from Pakokku, Magway; E: Male M. 
mukhlesuri from Ingyin Taung Mt., Kachin; F: Male M. heymonsi from Ingyin Taung Mt., Kachin; G: Male M. butleri from Ingyin Taung Mt., Kachin. 





Photos by Nikolay A. Poyarkov. 
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MATERIALS AND METHODS 


Sample collection 

Fieldwork was carried out in central and northern Myanmar, 
including the Magway Division and Kachin State, from 14—21 
July 2018. In the Magway Division, Microhyla specimens were 
collected by hand near breeding areas (e.g., temporary rain 
pools, paddy fields, or swamps) in two localities, including the 
environs of Pakokku city on the banks of the Irrawaddy River 
and near Kan Pauk village, Yesagyo Township, ~30 km north 
of Pakokku (Figure 1). In Kachin State, the Microhyla spp. 
were collected in forest clearings surrounded by montane 
evergreen tropical forest and bamboo forest in the Ingyin 
Taung Mountain, Indawgyi Lake area, Kachin State (Figure 1). 
Geographic coordinates and elevation were obtained using a 


Garmin GPSMAP 60CSx GPS receiver and recorded in datum 
WGS 84. Specimens were euthanized by 20% benzocaine 
and tissue samples for genetic analysis were taken and stored 
in 96% ethanol (femoral muscles) prior to preservation. 
Specimens were subsequently preserved in 70% ethanol and 
deposited in the herpetological collections of the Zoological 
Museum of Moscow State University (ZMMU) in Moscow, 
Russia, and Zoological Institute, Russian Academy of 
Sciences in St. Petersburg (ZISP), Russia. Other museum 
abbreviations include the Natural History Museum (BMNH), 
London, United Kingdom. In total 13 specimens of five 
putative morphospecies were subjected to molecular analyses 
(see Table 1 for details). For the two new species described 
below, we measured eight males, six females, and five subadult 
specimens (see species description sections for details). 


Table 1 Sequences and voucher specimens of Microhyla and outgroup taxa used in this study 


GenBank accession No. 








No. Specimen ID Species Locality 

12S rRNA 16S rRNA 

Ingroup 

1 MZB Amp 16402 Microhyla achatina Ungaran, Java, Indonesia AB634598 AB634656 
2 MDK 24 Microhyla achatina Gede Pangrango, Java, Indonesia AB634599 AB634657 
3 KUHE 53373 Microhyla annectens Genting, Selangor, Malaysia AB634600 AB634658 
4 KUHE 52438 Microhyla annectens Cameron, Pahang, Malaysia AB634601 AB634659 
5 ITBC2-4360 Microhyla aurantiventris Kon Ka Kinh N.P., Gia Lai, Vietnam MH286426 
6 ITBC2-4361 Microhyla aurantiventris Kon Ka Kinh N.P., Gia Lai, Vietnam MH286427 
7 CIBBL002 Microhyla beilunensis Beilun, Ningbo, Zhejiang, China MH234521 MH234535 
8 CIBBL003 Microhyla beilunensis Beilun, Ningbo, Zhejiang, China MH234522 MH234536 
9 KUHE 52034 Microhyla berdmorei Gombak, Selangor, Malaysia AB598314 AB598338 
10 MZB Amp 16413 Microhyla berdmorei Bengkulu, Sumatra, Indonesia AB634602 AB634660 
11 MZB Amp 15270 Microhyla berdmorei Paramasan, Kalimantan, Indonesia AB634603 AB634661 
12 KUHE 52373 Microhyla berdmorei Besut, Terengganu, Malaysia AB634604 AB634662 
13 KUHE 21992 Microhyla berdmorei Mae Yom, Phrae, Thailand AB634609 AB634667 
14 KUHE 53165 Microhyla borneensis Serapi, Sarawak, Malaysia AB598305 AB598329 
15 KUHE 53938 Microhyla borneensis Serapi, Sarawak, Malaysia AB634605 AB634663 
16 KUHE 40591 Microhyla butleri A Luoi, A Roang, Vietnam AB634606 AB634664 
17 KUHE 44203 Microhyla butleri Tainan, Taiwan, China AB634607 AB634665 
18 ZMMU NAP-08282 Microhyla butleri Ingyin Taung Mt., Kachin, Myanmar MK208937* 
19 ZMMU NAP-08283 Microhyla butleri Ingyin Taung Mt., Kachin, Myanmar MK208938* 
20 USNM 586947 Microhyla butleri Yangon, Myanmar = MG935892 
21 KUHE 32943 Microhyla fissipes Huangshan, Anhui, China AB201174 AB201185 
22 CAS 215851 Microhyla fodiens sp. nov. Kan Pauk, Magway, Myanmar = KM509166 
23 ZMMU A5960 Microhyla fodiens sp. nov. Kan Pauk, Magway, Myanmar MK208926* 
24 ZMMU A5961 Microhyla fodiens sp. nov. Kan Pauk, Magway, Myanmar MK208927* 
25 MZB Amp 15291 Microhyla gadjahmadai Lampung, Sumatra, Indonesia AB634622 AB634680 
26 MZB Amp 16328 Microhyla gadjahmadai Bengkulu, Sumatra, Indonesia AB634623 AB634681 
27 KUHE 23856 Microhyla heymonsi Ranong, Thailand AB598312 AB598336 
28 KUHE UN (K1845) Microhyla heymonsi Kanchanaburi, Thailand AB201179 AB201190 
29 ZMMU NAP-08277 Microhyla heymonsi Ingyin Taung Mt., Kachin, Myanmar MK208932* 
30 USNM 587130 Microhyla heymonsi Bago, Myanmar — MG935907 
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GenBank accession No. 








No. Specimen ID Species Locality 

12S rRNA 16S rRNA 

Ingroup 

31 USNM 587138 Microhyla heymonsi Mandalay, Myanmar = MG935906 
32 ZMMU A5966 Microhyla irrawaddy sp. nov. Pakkoku, Magway, Myanmar MK208928* 
33 ZMMU A5967 Microhyla irrawaddy sp. nov. Pakkoku, Magway, Myanmar MK208929* 
34 ZMMU A5975 Microhyla irrawaddy sp. nov. Kan Pauk, Magway, Myanmar MK208930* 
35 ZMMU A5976 Microhyla irrawaddy sp. nov. Kan Pauk, Magway, Myanmar MK208931* 
36 NCBS-AY587 Microhyla kodial Mangaluru, Karnataka, India — MF919453 
97 NCBS-AY588 Microhyla kodial Mangaluru, Karnataka, India — MF919454 
38 BNHS 5965 Microhyla laterite Manipal, Karnataka, Udupi, India KT600670 KT600663 
39 BNHS 5967 Microhyla laterite Manipal, Karnataka, Udupi, India KT600671 KT600664 
40 KUHE 53018 Microhyla malang Serapi, Sarawak, Malaysia AB598295 AB598319 
41 BORNEENSIS 9211 Microhyla malang Tawau, Sabah, Malaysia AB598301 AB598325 
42 MZB Amp 16364 Microhyla malang Balikpapan, Kalimantan, Indonesia AB634619 AB634677 
43 KUHE 52556 Microhyla mantheyi Temerloh, Pahang, Malaysia AB598310 AB598334 
44 KUHE 15726 Microhyla mantheyi Gombak, Selangor, Malaysia AB598309 AB598333 
45 KUHE 32455 Microhyla marmorata Xamneua, Houapan, Laos AB634610 AB634668 
46 DZ 1468 Microhyla mihintalei Anuradhapura, Sri Lanka — KU214861 
47 DZ 1410 Microhyla mihintalei Maakandura, Sri Lanka = KU214857 
48 DZ 1445 Microhyla mihintalei Mihintale, Sri Lanka — KU214858 
49 CIB 20070248 Microhyla mixtura Sichuan, China AB634611 AB634669 
50 CIBZMH2017061203 Microhyla mixtura Shaanxi, Hanzhong, China MH234528 MH234534 
51 CIB20170526001 Microhyla mixtura Sichuan, Hua'e Shan, China MH234529 MH234540 
52 KUHE 22064 Microhyla mukhlesuri Bangkok, Thailand AB634608 AB634666 
53 ZMMU NAP-08311 Microhyla mukhlesuri Ingyin Taung Mt., Kachin, Myanmar MK208934* 
54 ZMMU NAP-08252 Microhyla mukhlesuri Pakkoku, Magway, Myanmar MK208933* 
55 USNM 587159 Microhyla mukhlesuri Mandalay, Myanmar = MG935905 
56 USNM 587110 Microhyla mukhlesuri Bago, Myanmar = MG935902 
57 USNM 587166 Microhyla mukhlesuri Magway, Myanmar = MG935901 
58 USNM 586949 Microhyla mukhlesuri Yangon, Myanmar = MG935897 
59 IABHUF5012 BdMsp77 Microhyla mymensinghensis Char Nilokhia, Bangladesh = AB530534 
60 IABHUF5012 BdMsp78 Microhyla mymensinghensis Char Nilokhia, Bangladesh — AB530535 
61 DFBGBAU Msp 306 Microhyla mymensinghensis Mymensingh, Bangladesh = AB530536 
62 DB-Hi-FROG 12005 Microhyla nilphamariensis Parbatipur, Dinajpur, Bangladesh AB201176 AB201187 
63 KUHE 12840 Microhyla okinavensis Amamioshima, Japan AB201173 AB201184 
64 MZB Amp 16259 Microhyla orientalis Batu Karu, Bali, Indonesia AB634621 AB634679 
65 ZSIK-A9119 Microhyla ornata Karnataka, India AB201177 AB201188 
66 MZB Amp 16255 Microhyla palmipes Bedegul, Bali, Indonesia AB634612 AB634670 
67 MZB Amp 16323 Microhyla palmipes Bengkulu, Sumatra, Indonesia AB634613 AB634671 
68 KUHE UN Microhyla perparva Balikpapan, Kalimantan, Indonesia AB634614 AB634672 
69 KUHE 53675 Microhyla perparva Mulu, Sarawak, Malaysia AB634615 AB634673 
70 BORN 22412 Microhyla petrigena Maliau Basin, Sabah, Malaysia AB634616 AB634674 
71 KUHE 53743 Microhyla petrigena Bukit Kana, Sarawak, Malaysia AB634617 AB634675 
72 KUHE 22113 Microhyla pulchra Pilok, Kanchaburi, Thailand AB634618 AB634676 
T3 KUHE 35119 Microhyla pulchra Phu Luan, Loei, Thailand AB201180 AB201191 
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No. Specimen ID Species Locality NENA PAPET 
Ingroup 

74 ZMMU A5006-18 Microhyla rubra Bapatla, Andhra Pradesh, India MK208935* 

75 ZMMU A5006-19 Microhyla rubra Bapatla, Andhra Pradesh, India MK208936* 

76 MRK; released (toe tip) Microhyla rubra Karnataka, India AB201181 AB201192 

77 ATREE_MISH_1 Microhyla sholigari Manipal, Karnataka, Udupi, India KT600667 KT600674 

78 ATREE_MISH_2 Microhyla sholigari Manipal, Karnataka, Udupi, India KT600668 KT600675 

79 KUHE 52558 Microhyla superciliaris Temerloh, Pahang, Malaysia AB634624 AB634682 
80 KUHE 53371 Microhyla superciliaris Kenaboi, Negeri Sembilan, Malaysia AB634625 AB634683 
81 NHM-TU-17A-0110 Microhyla taraiensis Mechi, Jhapa, Jamun Khadi, Nepal MF496241 

82 BORN 8480 Microhyla sp. 1 Crocker, Sabah, Malaysia AB634620 AB634678 
83 USNM 523975 Microhyla sp. 2 Chatthin, Sagaing, Myanmar = MG935884 
84 USNM 537450 Microhyla sp. 2 Chatthin, Sagaing, Myanmar EM MG935885 

Outgroup 

85 KUHE 44148 Calluella yunnanensis Pet trade AB634626 AB634684 
86 KUHE 35163 Calluella guttulata Pilok, Kanchanaburi, Thailand AB634627 AB634685 
87 KUHE 52463 Calluella minuta Temerloh, Pahang, Malaysia AB598316 AB598340 
88 KUHE 35182 Glyphoglossus molossus Barrnta, Tak, k Thailand AB201182 AB201193 

89 BORN 8478 Chaperina fusca Crocker, Sabah, Malaysia AB598318 AB598342 
90 KUHE UN Kaloula picta Pet trade AB634628 AB634686 
91 KUHE 32313 Kaloula baleata Sumba, Indonesia AB634629 AB634687 
92 KUHE 33139 Kaloula borealis Cheju, Korea AB634630 AB634688 
93 KUHE 35178 Kaloula mediolineata Barrntak, Tak, Thailand AB634631 AB634689 
94 KUHE 22206 Kaloula pulchra Nong Khai, Thailand AB634632 AB634690 
95 KUHE 37252 Kaloula taprobanica Sri Lanka AB634633 AB634691 

96 KUZ 21655 Metaphrynella pollicaris Fraser' s Hill, Pahang, Malaysia AB634634 AB634692 
97 BORN 8191 Metaphrynella sundana Crocker, Sabah, Malaysia AB634635 AB634693 
98 UKMHC 820 Phrynella pulchra Hulu Trengganu, Trengganu, Malaysia AB634636 AB634694 
99 KUHE 20497 Micryletta inornata Mae Yom, Phrae, Thailand AB598317 AB598341 

100 KUHE 23858 Micryletta inornata Ranong, Thailand AB634637 AB634695 
101 KUHE 35937 Micryletta steinegeri Yunlin, Taiwan, China AB634638 AB634696 
102 BORN 8089 Kalophrynus heterochirus Crocker, Sabah, Malaysia AB634639 AB634697 
103 USNM GZ 33787 Kalophrynus interlineatus Chatthin, Myanmar AB634640 AB634698 
104 KUHE 52454 Kalophrynus palmatissimus Pahang, Temerloh, Malaysia AB634641 AB634699 
105 MZB Amp 15295 Kalophrynus pleurostigma Sumatra, Lampung, Indonesia AB634642 AB634700 
106 KUHE 53284 Kalophrynus sp. Pulai, Johol, Malaysia AB634643 AB634701 

107 KUHE 35230 Kalophrynus stellatus Pet trade AB634644 AB634702 
108 KUHE 53145 Kalophrynus subterrestris Tubau, Sarawak, Malaysia AB634645 AB634703 
109 KUHE 15531 Kalophrynus yongi Cameron, Pahang, Malaysia AB634646 AB634704 
110 UKM HC 279 Gastrophrynoides immaculatus Negeri Sembilan, Malaysia AB634647 AB634705 


Zoological Research 40(4): 244-276, 2019 249 


Continued 


GenBank accession No. 








No. Specimen ID Species Locality EGA IES TENA 
Outgroup 

111 KUHE 33150 Dyscophus guineti Pet trade AB634648 AB634706 
112 KUHE 35001 Dyscophus insularis Pet trade AB634649 AB634707 
113 KUHE 33224 Gastrophryne olivacea Dimmit, Texas, USA AB634650 AB634708 
114 MZB Amp 16265 Oreophryne monticola Batu Karu, Bali, Indonesia AB634651 AB634709 
115 KUHE 33277 Phrynomantis bifasciatus Pet trade AB634652 AB634710 
116 KUHE 34977 Scaphiophryne gottlebei Pet trade AB634653 AB634711 
117 — Rhacophorus schlegelii Hiroshima, Japan AB202078 


For sampling localities in Myanmar see Figure 1. Sequences generated in this study are marked with an asterisk (*); En-dash (—) denotes no data 


available. 


Morphological description 

The Microhyla specimens were photographed in life and after 
preservation. Measurements were taken using a digital caliper 
to the nearest 0.01 mm, subsequently rounded to 0.1 mm. We 
used a stereoscopic light binocular microscope when 
necessary. All measurements were taken on the right side of 
the examined specimen. Statistical analyses were performed 
with Statistica 6.0 (StatSoft, Inc., 2001). 

Morphometric and character terminology followed Poyarkov 
et al. (2014, 2018), including: (1) snout-vent length (SVL; 
distance from tip of snout to cloaca); (2) head length (HL; 
distance from tip of snout to hind border of jaw angle); 
(3) snout length (SL; distance from anterior corner of eye to tip 
of snout); (4) eye length (EL; distance between anterior and 
posterior corners of eye) (5) nostril-eye length (N-EL; 
distance between anterior corner of eye and nostril center); 
(6) head width (HW; maximum width of head at level of mouth 
angles in ventral view); (7) internarial distance (IND; distance 
between central points of nostrils); (8) interorbital distance 
(IOD; shortest distance between medial edges of eyeballs in 
dorsal view); (9) upper eyelid width (UEW; maximum distance 
between medial edge of eyeball and lateral edge of upper 
eyelid); (10) forelimb length (FLL; length of straightened 
forelimb to tip of third finger); (11) lower arm and hand length 
(LAL; distance between elbow and tip of third finger); (12) hand 
length (HAL; distance between proximal end of outer palmar 
(metacarpal) tubercle and tip of third finger); (13) first finger 
length (1FL, distance between tip and distal end of inner 
palmar tubercle); (14) inner palmar tubercle length (IPTL; 
maximum distance between proximal and distal ends of inner 
palmar tubercle); (15) outer palmar tubercle length (OPTL; 
maximum diameter of outer palmar tubercle); (16) third finger 
disk diameter (3FDD), (17) hindlimb length (HLL; length of 
straightened hindlimb from groin to tip of fourth toe); (18) tibia 
length (TL; distance between knee and tibiotarsal articulation); 
(19) foot length (FL; distance between distal end of tibia and 
tip of fourth toe); (20) inner metatarsal tubercle length (IMTL; 
maximum length of inner metatarsal tubercle); (21) first toe 
length (1TOEL), distance between distal end of inner 
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metatarsal tubercle and tip of first toe; (22) fourth toe disk 
diameter (4TDD); and (23) outer metatarsal tubercle length 
(OMTL; maximum length of outer metatarsal tubercle). For the 
holotype description, we additionally took the following 
measurements: (24-26) second to fourth finger lengths (2— 
3FL-O, 4FL-I: outer side (O) of second and third, inner side (I) 
of fourth, distance between tip and junction of neighboring 
finger); (27-30) second to fifth toe lengths (outer lengths for 
toes II-IV, inner length for toe V; 2-5TOEL). 

Terminology for describing eye coloration in living 
individuals followed Glaw & Vences (1997) and toe webbing 
and subarticular tubercle formulas were in accordance with 
those of Savage (1975). The sex and maturity of the 
specimens were checked by minor dissections and direct 
observation of calling in living males prior to collection. 

Diagnosis of the genus Microhyla and morphological 
characters for comparison were taken from original 
descriptions and taxonomic reviews of the genus, including 
the following works: Andersson (1942); Atmaja et al. (2019); 
Bain & Nguyen (2004); Blyth (1856); Boulenger (1884, 1897, 
1900); Bourret (1942); Das & Haas (2010); Das et al. (2007); 
Duméril & Bibron (1841); Dutta & Ray (2000); Fei et al. 
(2010); Fernando & Siriwardhane (1996); Garg et al. (2018b); 
Hallowell (1861); Hasan et al. (2014); Howlader et al. (2015); 
Hu et al. (1966); Inger & Frogner (1979); Inger (1989); Jerdon 
(1854); Khatiwada et al. (2017a); Matsui (2011); Matsui et al. 
(2013); Nguyen et al. (2019); Parker (1928, 1934); Parker & 
Osman (1948); Pillai (1977); Poyarkov et al. (2014); Schenkel 
(1901); Seshadri et al. (2016); Smith (1923); Stejneger (1901); 
Taylor (1934); von Tschudi (1838); Vineeth et al. (2018); Vogt 
(1911); Wijayathilaka et al. (2016); and Zhang et al. (2018). 


DNA isolation, polymerase chain reaction (PCR), and 
sequencing 

For molecular phylogenetic analyses, we extracted total 
genomic DNA from ethanol-preserved femoral muscle tissue 
using standard phenol-chloroform-proteinase K extraction with 
consequent isopropanol precipitation, for a final concentration 
of ~1 mg/mL (protocols followed Hillis et al., 1996 and 


Sambrook et al., 2001). We visualized the isolated total 
genomic DNA using agarose electrophoresis in the presence 
of ethidium bromide. We measured the concentration of total 
DNA in 1 ul using NanoDrop 2000 (Thermo Scientific), which 
was consequently adjusted to ~100 ng DNA/uL. 

We amplified mtDNA fragments covering partial sequences 
of 12S rRNA and 16S rRNA mtDNA genes and a complete 
sequence of the tRNA“ gene to obtain a 2 481 bp length 
continuous fragment of mtDNA. The 16S rRNA gene is widely 
applied in biodiversity surveys in amphibians (Vences et al., 
2005a, 2005b; Vieites et al., 2009) and, together with 12S 
rRNA partial sequences, has been used in most recent 
phylogenetic studies on Microhylinae (Matsui et al., 2011; 
Peloso et al., 2016). These fragments are particularly useful 
in studies of the genus Microhyla (e.g., Hasan et al., 2012, 
2014, 2015; Howlader et al., 2015; Khatiwada et al., 2017a; 
Matsui 2011; Matsui et al, 2013; Peloso et al. 2016; 
Wijayathilaka et al., 2016). We performed DNA amplification in 
20 uL reactions using 50 ng of genomic DNA, 10 nmol of each 
primer, 15 nmol of each dNTP, 50 nmol of additional MgCL, 
Taq PCR buffer (10 mmol/L Tris-HCl, pH 8.3, 50 mmol/L KCI, 
1.1 mmol/L MgCL, and 0.0196 gelatin), and 1 U of Taq DNA 
polymerase. Primers used for PCR and sequencing followed 
Nguyen et al. (2019) and included four forward primers: Micro- 
1F-12stail (ACGCTAAAATGWACCCTAAAAAGT; Nguyen et 
al., 2019), Micro-500F-12stail (CCACTTGAACCCACGACAG 
CTAGRAMACAA; Nguyen et al., 2019), 12sA-L (AACTGGGA 
TTAGATACCCCACTAT; Palumbi et al, 1991), L-2188 
(AAAGTGGGCCTAAAAGCAGCCA; Matsui et al., 2006), and 
four reverse primers: Micro-600R-12stail (TAGAGGAGCCTG 
TTCTATAATCGATTC; Nguyen et al, 2019), Micro-1200R- 
12stail (AGTAAAGGCGATYAAAAAATRTTTCAAAG; Nguyen 
et al, 2019) R-1169 (GTGGCTGCTTTTAGGCCCACT; 
Wilkinson et al., 2002), and 16H-1 (CTCCGGTCTGAACTCA 
GATCACGTAGG; Hedges, 1994) The PCR conditions 
included an initial denaturation step of 5 min at 94 °C and 43 
cycles of denaturation for 1 min at 94 °C, primer annealing for 
1 min with the TouchDown program from 65 °C to 55 °C 
reducing 1 °C every cycle, extension for 1 min at 72 °C, and 
final extension step for 5 min at 72 °C. 

We loaded PCR products onto 1% agarose gels in the 
presence of ethidium bromide, which were then visualized 
using agarose electrophoresis. If distinct bands were 
produced, we purified the PCR products using 2 uL of a 1:4 
dilution of ExoSapIT (Amersham, Buckinghamshire, UK) per 
5 uL of PCR product prior to cycle sequencing. The 10 uL 
sequencing reaction included 2 uL of template, 2.5 uL of 
sequencing buffer, 0.8 uL of 10 pmol primer, 0.4 uL of BigDye 
Terminator v3.1 Sequencing Standard (Applied Biosystems, 
USA), and 4.2 uL of water. The cycle sequencing included 35 
cycles of 10 s at 96 °C, 10 s at 50 °C, and 4 min at 60 °C. We 
purified the cycle sequencing products by ethanol 
precipitation. We carried out sequence data collection and 
visualization on an ABI 3730xl Automated Sequencer (Applied 
Biosystems, USA). The obtained sequences were deposited 
in GenBank under the accession Nos. MK208926-MK208938 
(Table 1). 


Phylogenetic analyses 

To hypothesize matrilineal genealogy, we used the 12S rRNA 
and 16S rRNA Microhylidae dataset of Matsui et al. (2011) 
with the addition of sequences from several recently reported 
Southeast Asian Microhyla (Hasan et al., 2014; Khatiwada et 
al., 2017a, 2017b; Mulcahy et al., 2018; Nguyen et al., 2019; 
Peloso et al., 2016; Vineeth et al., 2018; Wijayathilaka et al., 
2016; Zhang et al., 2018) and our newly obtained sequences 
(summarized in Table 1). In total, we obtained 12S rRNA and 
16S rRNA data from 117 specimens. This consisted of 84 
samples from 32 species of Microhyla (representing almost 
three quarters of recognized species within the genus), 32 
outgroup sequences of other microhylid representatives, and 
a sequence of Rhacophorus schlegelii (Günther) (Sano et al., 
2005), which was used to root the tree. 

We initially aligned nucleotide sequences using MAFFT v.6 
(Katoh et al. 2002) with default parameters, and then 
checked and slightly adjusted them by eye using BioEdit 
7.0.5.2 (Hall, 1999) and MEGA 6.0 (Tamura et al., 2013). We 
determined mean uncorrected genetic distances (P-distances) 
between sequences with MEGA 6.0. We used MODELTEST 
v. 3.6 (Posada & Crandall, 1998) to estimate the optimal 
evolutionary models for dataset analysis. The best-fitting 
model was the GTR+G model of DNA evolution, as suggested 
by the Akaike Information Criterion (AIC) for three partitions: 
12S rRNA, tRNA“, and 16S rRNA. 

We inferred matrilineal genealogy using maximum likelihood 
(ML) and Bayesian inference (BI) approaches. We conducted 
ML analyses using the RAxML web server (http: //embnet.vital- 
it.ch/raxml-bb/; Kozlov et al., 2018), which was used to search 
the ML trees based on the gamma model of rate 
heterogeneity option. We assessed nodal confidence for 
128 rRNA-16S5 rRNA analysis by non-parametric 
bootstrapping (BS) with 1 000 pseudoreplicates (Felsenstein, 
1985). We conducted BI in MrBayes 3.1.2 (Ronquist & 
Huelsenbeck, 2003); Metropolis-coupled Markov chain Monte 
Carlo (MCMCMC) analyses were run with one cold chain and 
three heated chains for twenty million generations, sampled 
every 2 000 generations. Five independent MCMCMC runs 
were performed and 1 000 trees were discarded as burn-in. 
We checked the convergence of the runs and that the 
effective sample sizes (ESS) were all above 200 by exploring 
the likelihood plots using TRACER v1.6 (Rambaut et al., 
2014). 

In both datasets, we a priori regarded tree nodes with BS 
values of 7596 or greater and PP values over 0.95 to be 
sufficiently resolved. BS values between 7596 and 5096 and 
PP values between 0.95 and 0.90 were regarded as 
tendencies. Lower values indicated unresolved nodes 
(Huelsenbeck & Hillis, 1993). 


Acoustic analysis 

Advertisement calls of Microhyla sp. were recorded at 
breeding sites on the banks of a temporary pond in the 
Irrawaddy River Valley in Pakokku, Pakoku District, Magway 
Division, Myanmar (coordinates N21.316°, E95.053°; 
elevation 59 m a.s.l.) on 14 July 2018 at 2327 h and at 
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21.5 °C using a portable digital audio recorder Zoom h5 
(ZOOM Corporation, Tokyo, Japan) in stereo mode with 48 
kHz sampling frequency and 16-bit precision. The temperature 
was measured at the calling site immediately after the audio 
recording with a digital thermometer KTJ TA218A Digital LCD 
Thermometer-Hydrometer. 

Calls were analysed using Avisoft SASLab Pro software 
v.5.2.05 (Avisoft Bioacoustics, Germany). Before analysis, we 
reduced the background noise using a low-pass filter (up to 
300 Hz). All temporal parameters were analysed with the 
standard marker cursor in the main window of Avisoft and 
frequencies of the maximum amplitude of calls and pulses 
were measured in the power spectrum. The spectrogram for 
analysis was created using a Hamming window, with FFT- 
length 1 024 points, frame 75%, and overlap 93.75%. For 
graphic representation of spectrograms, we lowered the 
sampling rate to 22.05 kHz. Figures of spectrograms were 
created using a Hamming window, with FFT-length 512 points, 
frame 75%, and overlap 87.5%. In total, we measured 50 calls 
from two Microhyla males. 

We measured five temporal parameters: i.e., call duration, 
number of pulses per call, duration of pulses, intervals 
between successive pulses, and pulse period; and two power 
parameters: i.e., frequency of maximum amplitude (Fpeak) of 
calls and of pulses. Additionally, we calculated the pulse 
repetition rate (pulses/s) by counting the number of pulses 
within each call minus one and dividing that number by the 
call duration. Descriptive statistics were performed using 
STATISTICA, v.10 (StatSoft, Tulsa, OK, USA). Most numeral 
parameters are given as means+SD, except the number of 
pulses per call (median+interquartile range), and the minimum 
and maximum values are given in parentheses (min-max). 


RESULTS 


Phylogenetic analyses 

Sequences and statistics: Final alignment of the 12S rRNA- 
16S rRNA fragment contained 2 481 aligned characters, with 
701 conserved sites and 761 variable sites, of which 599 were 
parsimony-informative. The transition-transversion bias (R) 
was estimated at 2.52 (all data given for ingroup only). 
Nucleotide frequencies were 31.64% (A), 22.82% (T), 24.37% 
(C), and 21.17% (G). 


mtDNA genealogy: Both BI and ML analyses resulted in 
similar topologies, which differed only in several poorly 
supported nodes (Figure 3). The obtained topology is 
generally consistent with the results of Matsui et al. (2011), 
Peloso et al. (2016), and Nguyen et al. (2019). Analyses 
achieved high phylogenetic resolution at species complexes 
and species-level groups, with most nodes showing strong 
support (PP20.95; BS>90%). However, several major nodes 
showing phylogenetic relationships among outgroup taxa and 
major lineages of Microhyla presented low or insignificant 
levels of support. 

The BI genealogy (Figure 3) inferred the following set of 
phylogenetic relationships: 
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1) Monophyly of Microhyla is rejected (in agreement with 
Matsui et al., 2011), suggesting that the genus is monophyletic 
with respect to Glyphoglossus. Microhyla sensu lato is thus 
divided into two major groups, the first corresponding to the 
M. annectens species group (Microhyla-l, see Figure 3) and 
the second encompassing all remaining species (Microhyla-ll, 
see Figure 3). 

2) Within the M. annectens species group, species are 
clustered into two reciprocally monophyletic clades: one 
joining M. annectens Boulenger, 1900 and M. marmorata Bain 
& Nguyen, 2004 from mainland Indochina and peninsular 
Malaysia (1.0/93; hereafter nodal support values given for PP/ 
BS, respectively), and another joining Bornean species M. 
petrigena Inger & Frogner, 1979 and M. perparva Inger & 
Frogner, 1979 (1.0/100). 

3) Within the second species group of Microhyla, M. 
palmipes Boulenger, 1897 is reconstructed as a sister species 
to all remaining taxa, although with low node support (0.87/ 
53). All remaining species are grouped in six well-supported 
clades 1-6. 

4) Clade 1 (1.0/91) joins M. superciliaris Parker, 1928 from 
the Malayan Peninsula with two species from southern India: 
M. sholigari Dutta & Ray, 2000 and M. laterite Seshadri, 
Singal, Priti, Pavikanth, Vidisha, Saurabh, Pratik & Gururaja 
2016, the latter two species are closely related and form a 
monophyly (1.0/100). 

5) Clade 2 (1.0/100) joins M. butleri with a closely related 
species M. aurantiventris Nguyen, Poyarkov, Nguyen, 
Nguyen, Tran, Gorin, Murphy & Nguyen, 2019 from the 
Central Plateau of Vietnam. Two specimens of Microhyla sp. 
(ZMMU NAP-08282 and NAP-08283; Figure 2G) from Ingyin 
Taung Mt., Kachin State, unambiguously fall into the radiation 
of M. butleri. 

6) Clade 3 (1.0/100) corresponds to the M. ornata species 
group and joins a number of taxa from the Indian subcontinent 
and is divided in two subclades. The first subclade joins two 
species with stout body habitus and large outer metatarsal 
tubercle used for burrowing, from arid areas of southern and 
eastern India (M. rubra) and Sri Lanka (M. mihintalei 
Wijayathilaka, Garg, Senevirathne, Karunarathna, Biju & 
Meegaskumbura, 2016). The second subclade includes 
smaller species from India, Nepal, and Bangladesh: M. 
ornata, M. taraiensis Khatiwada, Shu, Wang, Thapa, Wang & 
Jiang, 2017, and M. nilphamariensis Howlader, Nair, Gopalan 
& Merilà, 2015. 

7) Clade 4 (1.0/100) joins two large-bodied species, M. 
berdmorei (widely distributed across  Indochina and 
Sundaland and also occurring in Myanmar) and M. picta 
Schenkel, 1901; the latter species has a stout body habitus 
and enlarged shovel-like outer metatarsal tubercle. 

8) Clade 5 (1.0/100) corresponds to the M. fissipes species 
group and consists of two subclades. The first subclade joins 
three species of Microhyla occurring in East Asia: M. mixtura 
Liu & Hu, 1966 in Hu et al. (1966) and M. beilunensis Zhang, 
Fei, Ye, Wang, Wang & Jiang, 2018 from China, and M. 
okinavensis Stejneger, 1901 from the Ryukyu Archipelago in 
Japan. The second subclade joins taxa from the southern part 
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fragments 


For voucher specimen information and GenBank accession Nos. see Table 1. Red and blue denote new species of Microhyla from Myanmar (see 
Figure 1). Numbers at tree nodes correspond to BI PP/ML BS support values, respectively. Outgroup taxa not shown. Photos showing six species of 


Microhyla recorded from Myanmar taken by Nikolay A. Poyarkov. 


of China and Indochina, including M. fissipes from southern 
China, Taiwan, and northern Vietnam, M. mymensinghensis 
Hasan, Islam, Kuramoto, Kurabayashi et Sumida, 2014 from 
Bangladesh, and M. mukhlesuri from  Indochina. Two 
specimens of Microhyla sp. from Pakkoku, Magway (ZMMU 
NAP-08252; Figure 2D) and from Ingyin Taung Mt., Kachin 
State (ZMMU NAP-08311; Figure 2E) were assigned to M. 
mukhlesuri and grouped with other Myanmar specimens of 


this species (USNM 587110, 587159, 587166). Microhyla 
mukhlesuri and M. mymensinghensis form a moderately 
supported clade (0.93/83). 

9) Clade 6 shows moderate support (0.93/56) and joins 
members of the M. achatina species group and related taxa. 
The stout-bodied Microhyla sp. (ZMMU A5960-A5961, Figure 
2C) from Kan Pauk, Magway Division, are grouped and 
appear to be conspecific with M. "rubra" of Peloso et al. 
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(2016) (CAS 215851) with high support (1.0/100); this species 
has an unresolved position within Clade 6 and is not closely 
related to M. rubra sensu stricto from India. 

10) The position of M. heymonsi within Clade 6 is also 
unresolved; a specimen of Microhyla sp. from Ingyin Taung 
Mt., Kachin State (ZMMU NAP-08277; Figure 2F), is placed 
within the radiation of M. heymonsi, which is subdivided into 
two moderately divergent major lineages. Other specimens of 
M. heymonsi from Myanmar belong to two different lineages of 
M. heymonsi (USNM 587130 and USNM 587138). 

11) A number of species from Sundaland form a subclade 
(1.0/87) within Clade 6: M. mantheyi Das, Yaakob & 
Sukumaran, 2007 (Malayan Peninsula) and M. borneensis 
Parker, 1928, M. malang Matsui, 2011, M. orientalis Matsui, 
Hamidy et Eto, 2013, and Microhyla sp. 1 (Borneo). 

12) Sundaland species M. achatina Tschudi, 1838 (from 
Java) and M. gadjahmadai Atmaja, Hamidy, Arisuryanti, 
Matsui & Smith, 2019 (from Sumatra) form a sister lineage 
(0.98/80) with respect to M. kodial Vineeth, Radhakrishna, 
Godwin, Anwesha, Rajashekhar & Aravind, 2018, from 
southern India and two Microhyla sp. lineages from central 
Myanmar. Small-bodied slender Microhyla sp. specimens from 
the Magway Division (ZMMU A5966 —A5967; A5975—A5976; 
Figure 2A, B) and Microhyla sp. 2 from the Sagaing Division 
(USNM 523975, 537450) form two distinct reciprocally 
monophyletic groups (1.0/100). Microhyla kodial is strongly 
suggested as a sister lineage to Myanmar taxa (1.0/99) (see 
Figure 3). 


Sequence divergence: For uncorrected P-distances for the 
16S rRNA gene fragment among and within the examined 
Microhyla species see Table 2. Intraspecific distances ranged 
from P=0% in a number of examined species to P=4.5% in M. 
petrigena (the latter may be explained by incomplete 
taxonomy of Bornean Microhyla). The interspecific distances 
within Microhyla varied from P=2.7% (between M. rubra and 
M. mihintalei) to P=13.1% (between M. laterite and stout- 
bodied Microhyla sp. from Kan Pauk, Magway) (Table 2). 
Genetic divergence within M. mukhlesuri was P=1.3%, within 
M. butleri was P=1.7%, and within M. heymonsi was P=2.3%. 
No genetic variation was observed between haplotypes within 
stout-bodied and slender-bodied species of Microhyla sp. from 
Magway (P=0.0%) (Table 2). Divergence between these taxa 
and their closest relatives was P=2.0% for small slender- 
bodied species of Microhyla sp. from the Magway Division if 
compared to Microhyla sp.2 from Sagaing Division, and P= 
5.3% if compared with M. kodial; and was P=8.8% for stout- 
bodied Microhyla sp. from Magway Division with M. berdmorei 
(Table 2). 


Taxonomy 
Our field survey in Myanmar revealed two morphologically 
distinct species of microhylids, which belong to the genus 
Microhyla based on morphological and molecular evidence 
and could not be assigned to any currently recognized 
species (see below). 

Both species were allocated to the genus Microhyla as they 
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show the following diagnostic characters of the genus (Inger, 
1989; Matsui et al., 2013; Parker, 1934): small to medium 
body size; narrow head; eyes small with circular pupil; lack of 
small spine-like projections of skin at heel and elbow; 
maxillary and vomerine teeth absent; snout less than twice 
diameter of eye; tongue obovate, entire and free at base; 
fingers without webbing; toes with basal webbing; palmar 
tubercles distinct, prominent inner and outer metatarsal 
tubercles on foot; supratympanic fold present; and, tympanum 
hidden under skin. 

Our mtDNA genealogy analyses based on the 12S rRNA- 
16S rRNA 2 481 bp-long mtDNA fragment indicated that both 
species belong to the M. achatina species group (Figure 3). 
The stout-bodied Microhyla sp. from Kan Pauk represents a 
distinct lineage within the species group and is highly 
divergent in 16S rRNA gene sequences from any congener for 
which homologous sequences are available (P-distance> 
8.8%). The slender-bodied Microhyla sp. from the Magway 
Division is a sister species of an undescribed Microhyla sp. 2 
from Sagaing Division in northern Myanmar and closely 
related to M. kodial, inhabiting southern India (P-distance> 
5.3%). 

The phylogenetic position of Microhyla spp. from the 
Magway Division, together with the observed differences in 
mtDNA sequences, is congruent with evidence from 
diagnostic morphological characters (see “Comparisons” 
sections). These results strongly support our hypothesis that 
the newly discovered populations of Microhyla spp. from the 
Magway Division represent two previously unknown species, 
which we describe below. 


Microhyla fodiens sp. nov. 
Table 3; Figures 2C, 4-6. 


Chresonymy: 
Microhyla rubra — (?) Parker, 1934, p. 145 (B. M.87.2.26.24, 
coll. from “Moulmein, Burma" by W. Theobald). 

Microhyla rubra — Wogan et al., 2008, p. 84—86; Peloso et 
al., 2016, p. 5, 23. 

Microhyla sp. B — Mulcahy et al., 2018, p. 99, 116—117. 


Holotype: ZMMU A5960 (field number NAP-08268), adult 
male collected on the bank of an artificial pond near a 
Buddhist pagoda in the small village of Kan Pauk in the 
vicinity of Shinma Taung Mt., Yesagyo Township, Magway 
Division, Myanmar (coordinates N21.595°, E95.074°; 
elevation 232 m a.s.l.), collected on 15 July 2018 at 1900 h by 
Nikolay A.  Poyarkov, Vladislav A. Gorin,  Parinya 
Pawangkhanant, and Than Zaw. 


Paratypes: ZMMU A5961-A5964 (field numbers NAP-08269- 
08272) and ZISP 13729 (field number NAP-08273), five sub- 
adult specimens from the same locality and with the same col- 
lection information as the holotype. 


Referred specimens: CAS 215851 (field number JBS-5249), 
collected from the same locality as the holotype on 16 August 
2000 by H. Win, T. Thin, S.W. Kyi, and H. Tun. 
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Diagnosis: Microhyla fodiens sp. nov. is characterized by a 
combination of the following morphological attributes: (1) 
males with medium body size, SVL 20.8-29.12 mm in two 
adult individuals, body habitus stout; (2) head flattened, 
triangular, much wider than long, snout rounded in dorsal and 
bluntly rounded in lateral views, notably protruding above 
lower jaw in ventral aspect; canthus rostralis rounded, 
indistinct; (3) skin on dorsum and flanks feebly granular with 
numerous small round tubercles, ventral surfaces smooth; 
(4) dorsolateral skinfold presents as row of large tubercles 
ventrally underlined with black stripe; (5) mid-vertebral skin 
ridge and dorsomedial stripe absent; (6) supratympanic fold 
almost indistinct; (7) finger | well developed, notably less than 
one-half length of finger Il: (8) finger and toe tips lacking disks 
and median longitudinal grooves; (9) two large palmar 
tubercles (inner palmar tubercle ovoid, slightly elongated; 
outer palmar tubercle almost rounded); (10) two very prominent 
metatarsal tubercles (inner metatarsal tubercle large, bean- 
shaped, outer metatarsal tubercle greatly enlarged, shovel- 
shaped); (11) limbs short, tibiotarsal articulation of adpressed 
limb not reaching eye level; (12) toe webbing basal, reaching 
proximal tubercles; webbing formula: | 1—2 II 124—3 III 224—374 
IV 4-234 V; (13) superciliary tubercles absent; (14) dorsum 
beige-brown with "teddy-bear-shaped" dark-brown marking 
running from interorbital to sacral region; two large dark-black 
inguinal spots continuing on dorsal surfaces of thighs; 
posterior surfaces of thighs and cloacal region with regular 
black stripes; chin and throat marbled with gray, chest and 
belly whitish, limbs ventrally pink. Interspecific genetic P- 
distances in 16S rRNA gene fragment between new species 
and congeners vary from 9.196 to 12.496. 


Description of holotype (Figures 2C, 4—6): Medium-sized 
male specimen in good state of preservation, SVL 20.1 mm; 
habitus stout (Figure 4A), head small, much shorter than wide 
(HL/HW 78.696); snout rounded in dorsal view (Figure 4A), 
bluntly rounded in lateral profile (Figure 4C), notably 
protruding above lower jaw in ventral view (Figure 4B), longer 
than eye diameter (EL/SL 83.896); eye small, rounded, almost 
not protuberant in dorsal (Figure 4A) and lateral views (Figure 
4C), pupil circular (Figure 4C); dorsal surface of head 
flattened, canthus rostralis indistinct, rounded; loreal region 
vertical, not concave; nostril rounded with lateral orientation, 
located much closer to tip of snout than to eye (Figure 
4C) tympanum hidden under skin of temporal region, 
supratympanic fold smooth, weak, almost indistinct, running 
ventroposteriorly from posterior corner of eye to axilla; 
maxillary and vomerine teeth absent, tongue obovate, entire 
and free at base, lacking papillae; vocal sac single, 
subgular. 

Forelimbs short, three times shorter than hindlimbs (FLL/ 
HLL 33.9%); hand short, notably shorter than lower arm (HAL/ 
LAL 65.5%) and two times shorter than forelimb length (HAL/ 
FLL 52.8%); fingers short, thick, rounded in cross-section, first 
finger well developed, but two times shorter than second 
finger (1FL/2FL 46.9%); relative finger lengths: I«IV«II«III (see 
Figures 4D, 5A). Finger webbing and dermal fringes absent; 
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tips of all fingers rounded, not enlarged, lacking terminal disks 
and median longitudinal furrows or grooves; subarticular 
tubercles on volar surface of fingers very large, distinct, 
rounded, prominent; finger subarticular tubercle formula: 1:1: 
2:2 (hereafter, given for fingers I:II:III: IV, respectively); nuptial 
pad absent; two metacarpal (palmar) tubercles: inner palmar 
tubercle slightly elongated, ovoid-shaped, two times longer 
than wide; outer palmar tubercle flattened, large, rounded, 
notably longer than inner (IPTL/OPTL 81.8%); medial or 
supernumerary palmar tubercles absent; inner and outer 
palmar tubercles separated by deep groove. 

Hindlimbs massive and comparatively short, tibia length 
slightly longer than half of snout-vent length (TL/SVL 53.4%), 
hindlimb length less than 1.5 times longer than snout-vent 
length (HLL/SVL 145.0%); tibiotarsal articulation of adpressed 
limb not reaching orbit level; foot slightly longer than tibia (FL/ 
TL 137.2%); relative toe lengths: I«II«V«III«IV; tarsal fold on 
inner surface of tarsus absent; tips of all toes rounded, not 
enlarged, not forming terminal disks (Figures 4E, 5B); toes 
thick, short, slightly flattened in cross-section, with weak 
dermal fringes present on toes  ll-V reaching level of 
penultimate phalanges (Figures 4E, 5B); basal webbing 
developed between all toes, webbing formula: | 1-2 II 124—3 Ill 
234—334 IV 4-254 V; subarticular tubercles on toes very 
distinct, protruding, rounded, toe subarticular tubercle formula: 
1:2:3:3:2 (hereafter, given for toes I:II:III: IV: V, respectively); 
nuptial pad absent; two large metatarsal tubercles: inner 
metatarsal tubercle elongated, prominent, bean-shaped; outer 
metatarsal tubercle very large, shovel-shaped, with prominent 
outer edge (OMTL/IMTL 118.696) (Figure 5B). 

Dorsal skin feebly tubercular with numerous small granules 
and tubercles evenly scattered on dorsum; more distinct in life 
(Figure 6A) than in preservative (Figure 4A); upper eyelids 
almost smooth with few flat tubercles on medial edges of 
eyelids, superciliary tubercles or projections absent; mid- 
vertebral dermal ridge absent; indistinct dorsolateral skinfold 
running from posterior eye corner towards groin, consisting of 
row of larger glandular warts (Figure 6A); skin on dorsolateral 
surfaces smooth with rare small granules; dorsal surface of 
limbs smooth with few small tubercles, ventral sides of trunk, 
head, and limbs smooth. 


Coloration of holotype in life: Dorsal surfaces of head and 
trunk with beige background (Figure 6); weak brown 
interorbital bar between eyelids posteriorly forming "teddy- 
bear" -like (see Rakotoarison et al., 2017) or hourglass- 
shaped dark-brown markings, running posteriorly to scapular 
region, widening at level of axilla, narrowing at mid-dorsum 
and widening again towards groin; thin brownish lines on 
lateral sides of dorsum forming three nested reverse V- 
shaped figures, parallel to edges of "teddy-bear" -like dark 
marking; sacral region with irregular brownish vermiculated 
pattern; two large dark-black inguinal spots in groin area 
continuing posteriorly on dorsal surfaces of thighs, forming 
thick dark-black cross-bands (Figure 6A). Dorsolateral lines 
ventrally edged with black; body flanks with numerous small 
blackish and dark-brown spots and mottling; ventral edge of 





Figure 4 Holotype of Microhyla fodiens sp. nov. (ZMMU A5960), male, in preservative 
A: Dorsal view; B: Ventral view; C: Lateral view of head; D: Volar view of left hand; E: Plantar view of right foot. Photos by Nikolay A. Poyarkov. 
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Figure 5 Morphological details of holotype of Microhyla fodiens 
sp. nov. (ZMMU A5960), male, in preservative 

A: Volar view of the left hand; B: Plantar view of left foot. Scale bar: 1 
mm. Drawings by Valentina D. Kretova. 


eyelids dark-brown; lateral sides of head with weak brownish 
mottling; supratympanic dark-brown with light yellowish-beige 
stripe ventrally, running from posterior edge of eye towards 
axilla; dorsal surfaces of limbs beige-brown with few brownish 
blotches; two narrow dark-brown bars on dorsal surfaces of 
forearm on each forelimb; three wide black transverse 
interrupted cross-bands on dorsal and posterior surfaces of 
proximal part of thighs forming tiger-like pattern, cloacal region 
with large dark-black blotch (Figure 6C); dorsal surfaces of 
tibia and tarsus brownish with rare dark transverse blotches 
alternating on each hindlimb: four large spots on right shank, 
three large dark spots on left shank; two dark short stripes on 
each tarsus (Figure 6A, C); fingers and toes dorsally gray with 
brown cross-bars; throat and chest with gray mottling, chest 
and venter whitish; ventral surfaces of limbs pinkish to gray- 
violet; hand and foot ventrally pinkish-gray; pupil black, 
circular, edged with narrow golden line, dense golden 
reticulations throughout iris except for dark vertical bar at 
ventral part of iris; sclera bluish (Figure 6A, B). 


Coloration of holotype in preservative: After initial fixation 
in formalin and preservation in ethanol for six months, dorsal 
coloration significantly faded and turned light grayish-brown 
(Figure 4A), ventral surface of chest, belly, and limbs changed 
to whitish (Figure 4B); dorsal pattern and dark stripes on 
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dorsal surfaces of limbs and body unchanged; iris coloration 
faded and turned dark-gray (Figure 4C). 


Measurements of holotype (in mm): SVL 20.8; HL 6.5; SL 
2.9; EL 2.4; N-EL 1.7; HW 8.3; IND 1.7; IOD 2.4; UEW 1.2; 
FLL 10.2; LAL 8.2; HAL 5.4; IPTL 0.7; OPTL 0.9; 3FDD 0.4; 
HLL 30.2; TL 11.1; FL 15.2; IMTL 1.2; 4TDD 0.6; OMTL 1.4; 
1FL 0.9; 2FL 1.9; 3FL 2.9; 4FL 1.6; 1TOEL 1.5; 2TOEL 2.6; 
3TOEL 3.8; 4TOEL 5.5; 5TOEL 2.8. 


Variation: Morphometric variation of the type series is 
presented in Table 3. The paratypes are subadult specimens 
and are notably smaller in body size than the holotype (SVL 
12.6—- 17.9 mm; mean 15.2+1.38 mm;  n-5) Paratype 
coloration does not significantly differ from that described for 
the holotype, with the exception of the throat, which is off- 
white and lacks blackish mottling. All type specimens have 
large black inguinal spots; location and shape of black 
markings on posterior surfaces of thighs and cloacal area, as 
well as shape of "teddy-bear" -shaped brown dorsal marking, 
may vary insignificantly. Adult male CAS 215851 (see 
Referred materials) from the type locality is larger than the 
holotype (SVL 29.1 mm) but agrees well with the holotype 
description in general morphology and coloration, although it 
has more dark spots in the axillaa area compared to the 
holotype. CAS 215851 has a very large and shovel-shaped 
outer metatarsal tubercle, notably protruding in dorsal view. 
Chromatic differences include coloration of the throat, which is 
uniform black-gray in male CAS 215851; coloration gets 
darker towards lower jaw edges. 


Natural history: Pakokku District is located in the heart of the 
dry zone of central Myanmar, which is characterized by low 
precipitation and high temperatures, with a hot semi-arid 
tropical savanna-like climate (Peel et al., 2007). On average, 
Pakokku receives around 560 mm of precipitation annually. 
April is the warmest month, with an average temperature of 
31.5 ? C, whereas January is the coldest month, with an 
average temperature of 21.5 ? C. The highest rainfall is 
observed in August and September, with 113 and 130 mm of 
precipitation, respectively (data from https: //en. climate-data. 
org). 

All specimens of Microhyla fodiens sp. nov. were collected 
at night from 1900 to 2100 h on the banks of a large, 
permanent, likely artificial pond near a small Buddhist pagoda 
in the center of Kan Pauk village, located in a dry and open 
habitat with rare vegetation in the vicinity of Shinma Taung 
Mountain — the only hill in the area with an elevation of 514 m 
a.s.l. (Figure 7A). The pond is used by local people as a 
watering area for livestock. Subadult specimens were 
recorded on the banks of the pond hiding in cracks, whereas 
the adult male holotype was collected from the stone fence of 
the pagoda, hiding in a crevice. Thus, the new species 
appears to be a good burrower. During the survey, the 
weather remained hot and dry and the Microhyla fodiens sp. 
nov. specimens were inactive and hid in shelters; no calling 
was recorded. We also examined several paddy-fields and 





Figure 6 Holotype of Microhyla fodiens sp. nov. (ZMMU A5960), male, in life 
A: Dorsolateral view in situ; B: Lateral view of head; C: Posterior view of thighs and inguinal region showing regular black markings. Photos by 


Nikolay A. Poyarkov (A) and Parinya Pawangkhanant (B, C). 


Table 3 Measurements of type series of Microhyla fodiens sp. nov. (in mm) 


Specimen Type 


Ng: ID status 


SVL HL SL EL N-EL HW IND IOD UEW FLL LAL HAL 1FLIPTL OPTL3FDD HLL TL FL IMTL 1TOEL 4TDD OMTL 





Male 


1 ZMMU A5960 Holotype 20.86.52.9241.7 8.3 1.7 2.4 1.2 10.28.2 54 0.9 0.7 1.1 04 30.211.115.21.2 1.5 06 1.4 





Sub adults 

ZMMU A5961 Paratype 17.95.42.62.21.4 75142013 9.4 
ZMMU A5962 Paratype 15.95.62.32.31.4 6.7 14 1911 7.4 
ZMMU A5963 Paratype 15.15.02.42.21.3 6.3 1.4 1.8 1.2 8.9 
ZMMU A5964 Paratype 14.54.72.31.91.4 5.5 1.5 20 1.1 8.0 
ZISP 13729 Paratype 12.64.22.22.01.2 5.1 1.3 2.0 1.0 6.6 


oa A OUN 


7.2 4.8 0808 1.0 04 25.92 13.010 1.5 05 1.1 
6.6 42 0.8 06 09 0.3 22485 1130.8 1.5 04 0.8 
6.7 4.3 0.8 0.7 0.9 04 24180 1100.9 1.4 06 0.8 
6.3 40 0.9 0.7 08 0.4 22581 1100.8 1.5 04 1.0 
5.6 36 0.7 0.6 08 0.3 19.068 94 O6 1.3 04 07 





Mean 16.15.22.442.21.4 6.21.5 20 1.2 84 





6.8 44 0.8 0.7 09 04 23.986 1180.9 1.5 05 0.9 


SD 29 0.80.30.20.2 1.0 0.2 0.2 01 1.4 0.9 06 010.1 01 00 37 15 20 02 0.1 0.1 0.1 
Min 12.64.22.21.91.2 5.1 1.3 1.8 1.0 6.6 56 3.6 0.7 0.6 08 0.3 19.068 94 06 1.3 04 07 
Max 20.86.52.92.41.7 7.51.7 24 1.3 10.28.2 5.4 1.1 0.8 1.1 04 30.211.115.21.2 1.7 06 1.1 


Min: Minium; Max: Maximum. For other abbreviations see Materials and Methods. 


other large waterbodies within a 2 km radius around Kan Pauk 
village; however, Microhyla fodiens sp. nov. was not recorded 
in any other locality. Diet, larval stages, and eggs of the new 
species are unknown. 

Other microhylids recorded in sympatry with Microhyla 


fodiens sp. nov. included new congeneric species Microhyla 
irrawaddy sp. nov. (see below) and Kaloula pulchra Gray, 
1831, which appear to share the same breeding site during 
the reproductive season. Other anurans such as Fejervarya 
sp., Hoplobatrachus cf. tigerinus (Daudin, 1802), Sphaerotheca 
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Figure 7 Natural habitats of Microhyla in Myanmar 

A: Natural habitat of Microhyla fodiens sp. nov. at Kan Pauk village, Magway (type locality), green hill in background is Shinma Taung Mountain; B: 
Breeding habitat of Microhyla irrawaddy sp. nov. from Pakokku, Magway (type locality); C: Natural habitat of M. heymonsi, M. butleri, and M. 
mukhlesuri in bamboo forest on slopes of Ingyin Taung Mt., Indawgyi Lake region, Kachin. Photos by Parinya Pawangkhanant. 
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sp., and Duttaphrynus melanostictus (Schneider, 1799) also 
occurred in sympatry. 


Distribution: Microhyla fodiens sp. nov. is currently known 
only from the type locality in Kan Pauk, Yesagyo Township, 
Magway Division, Myanmar (Figure 1). The species was 
recorded at an elevation of 230 m a.s.l. The actual distribution 
of the new species is unknown, but it is likely to be found in 
other arid areas of the Irrawaddy River Valley in the region of 
the Irrawaddy and Chindwin interfluve; discovery of new 
localities in Magway, Sagaing, and Mandalay divisions is 
anticipated. The record of "Microhyla rubra" from "Moulmein, 
Burma" (now Mawlamyine) by Parker (1934) based on W. 
Theobald' s collection comes from Mon State in southern 
Myanmar—a region with a much milder tropical monsoon 
climate—might refer to a different species. The taxonomic 
status of this record requires clarification by further studies. 


Conservation status: At present, the new species is known 
from several specimens from a single locality in Yesagyo 
Township, Magway Division; however, a wider distribution in 
other arid areas of central Myanmar is anticipated. As the 
actual range and population trend of the new species are 
currently unknown, we suggest Microhyla fodiens sp. nov. be 
considered as a Data Deficient species following IUCN’ s Red 
List categories (IUCN Standards and Petitions Subcommittee, 
2017). 


Etymology: The specific name “fodiens” is a Latin adjective 
in the nominative singular derived from “fodio” — Latin verb 
meaning “to dig” or “to burrow” referring to the distinctive 
enlarged shovel-shaped outer metatarsal tubercle of the new 
species, suggesting that it is a good burrower, which may 
serve as an adaptation to the dry climate of the Irrawaddy 
River Valley in central Myanmar. The recommended common 
name in English is “Burrowing narrow-mouth frog”. The 
recommended common name in Burmese is “Twin Aoung 
Thaephar'. 


Comparisons: Only a few species of Microhyla have a stout 
body habitus with an enlarged spade- or shovel-shaped outer 
metatarsal tubercle as an adaptation for digging, including, M. 
rubra from southern India, M. mihintalei from Sri Lanka, M. 
taraiensis from eastern Nepal, and M. picta from southern 
Vietnam. Comparisons of Microhyla fodiens sp. nov. with the 
abovementioned species appear to be the most pertinent; 
from all remaining species of the genus, the new species can 
be easily distinguished by its stout body habitus and enlarged 
shovel-shaped outer metatarsal tubercle (vs. slender to stout 
body habitus and small or no outer metatarsal tubercle in 
other species of Microhyla). 

Microhyla rubra was originally described by Jerdon (1854) 
from "Carnatic near rivers" and "also Ceylon"; the holotype is 
considered to be lost. Recently, Wijayathilaka et al. (2016) 
restricted the distribution of M. rubra to southern India and 
Garg et al. (2018b) designated a neotype for this species. 
Microhyla fodiens sp. nov. can be distinguished from M. rubra 
from southern and eastern India by the following 


characteristics: first finger notably shorter than half of second 
finger (vs. equal), thigh shorter than foot length, TL=8.6+1.5mm, 
FOL=11.8+2.0 mm, n=6 (vs. thigh longer than foot length, 
male, TL 13.840.5 mm, FOL 12.4+0.4 mm, n=8; data from 
Wijayathilaka et al., 2016), comparatively shorter hindlimbs 
with tibiotarsal articulation not reaching eye level (vs. reaching 
over eye level but shorter than snout tip), comparatively better 
developed webbing between toes, toe webbing formula: | 1-2 
Il 124—3 III 224—324 IV 4—274 V (vs. 1 172-2 II 172-3 III 272—3 IV 4 
—2% V), and dorsal pattern with brown “teddy-bear” -shaped 
marking, thin brownish lines on lateral sides of dorsum 
forming three nested reverse V-shaped figures (vs. almost 
uniform reddish-brown dorsum). 

Microhyla fodiens sp. nov. can be distinguished from M. 
mihintalei from Sri Lanka by the following characteristics: 
granular skin on dorsum (vs. shagreened or sparsely granular 
skin on dorsum), thigh shorter than foot length, TL=8.6+ 
1.5 mm, FOL=11.8+2.0 mm, n=6 (vs. thigh equal to foot 
length, male, TL 11.6+0.6 mm, FOL 11.6£0.6 mm, n=14; data 
from Wijayathilaka et al., 2016), comparatively better 
developed foot webbing (vs. toe webbing reduced), dorsal 
pattern with brown “ teddy-bear "-shaped marking, thin 
brownish lines on lateral sides of dorsum forming three nested 
reverse V-shaped figures (vs. almost uniform orange-brown or 
reddish-brown dorsum), and three wide black transverse 
cross-bands on dorsal and posterior surfaces of thighs 
forming tiger-like pattern, cloacal region with large black 
blotch (vs. tiger-like pattern and dark cloacal blotch absent). 

The new species can be readily diagnosed from M. 
taraiensis from eastern Nepal by the following characteristics: 
red spots and tubercles on dorsum absent (vs. light red dots 
dispersed over dorsal surfaces), large shovel-shaped outer 
metatarsal tubercle (vs. rounded outer metatarsal tubercle), 
second finger longer than fourth finger (vs. shorter), 
comparatively shorter hindlimbs with tibiotarsal articulation not 
reaching eye level (vs. reaching nostril level), inner palmar 
tubercle ca. 1.5 times smaller than outer palmar tubercle (vs. 
inner palmar tubercle two times greater than outer palmar 
tubercle), single subarticular tubercle on second finger and 
two subarticular tubercles on third finger (vs. two tubercles on 
second finger and three tubercles on third finger), and single 
subarticular tubercle on second toe and two subarticular 
tubercles on third toe (vs. two tubercles on second toe and 
three tubercles on third toe). 

Finally, Microhyla fodiens sp. nov. can be distinguished 
from M. picta from southern Vietnam by the following 
characteristics: generally smaller body size, adult SVL 20.8- 
29.1 mm (vs. adult SVL 25.2-33.4 mm), better developed 
webbing on feet, toe webbing formula: | 1-2 Il 124—3 III 234- 
3% IV 4-2% V (vs. | 2-294 Il 124—274 II 294-334 IV 4-275 V), 
dorsal pattern with brown “teddy-bear” -shaped marking, thin 
brownish lines on lateral sides of dorsum forming three nested 
reverse V-shaped figures (vs. brown dorsal markings in shape 
of irregular blotches or reverse V-shaped figures but always 
edged with white or light beige), pronounced dorsolateral fold 
as row of enlarged tubercles (vs. no dorsolateral fold), bright- 
yellow coloration in groin area absent (vs. present), and black 
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iris with dense golden reticulations (vs. dark iris with bronze to 
reddish-bronze color of reticulations). 


Microhyla irrawaddy sp. nov. 
Table 4; Figures 2A-B, 8-10. 


Chresonymy 
Microhyla sp. A- (?) Mulcahy et al., 2018, p. 99, 116-117. 


Holotype: ZMMU A5965 (field number NAP-08241), adult 
male collected while calling from holes/hollows in the bank of 
a temporary pond in the Irrawaddy (Ayeyarwady) River Valley, 
in the suburbs of Pakokku, Pakoku District, Magway Division, 
Myanmar (coordinates N21.316°, E95.053°; elevation 59 m a. 
s. |.), collected on 14 July 2018 at 1900 h by Nikolay A. 
Poyarkov, Vladislav A. Gorin, Parinya Pawangkhanant, and 
Than Zaw. 


Paratypes: ZMMU A5966-A5970 (field numbers NAP-08238- 
08240; NAP-08242 — 08243), and ZISP 13730 (field number 
NAP-08244), six adult males from the same locality and with 
the same collection information as the holotype; ZMMU 
A5971-A5974 (field numbers NAP-08245— 08248), four adult 
females from the same locality and with the same collection 
information as the holotype; ZMMU A5975-A5976 (field 
numbers NAP-08274-08275), two adult females collected on 
the bank of a paddy field in the vicinity of Kan Pauk village, 
near Shinma Taung Mt., Yesagyo Township, Magway Division, 
Myanmar (coordinates N21.594°, E95.082°; elevation 217 m a. 
s.|.), collected on 15 July 2018 at 1900 h by Nikolay A. 
Poyarkov, Vladislav A. Gorin, Parinya Pawangkhanant, and 
Than Zaw. 


Diagnosis: Microhyla irrawaddy sp. nov. is distinguished by 
the following combination of morphological characters: 
(1) small adult body size: males SVL 12.3-17.1 mm, females 
SVL 16.7 — 20.9 mm, body habitus very slender; (2) head 
small, triangular, wider than long, snout acuminate with 
rounded tip in dorsal view and rounded in lateral view, slightly 
protruding above lower jaw in ventral aspect; canthus rostralis 
indistinct; (3) skin on dorsum and flanks granular with 
irregularly scattered numerous large and small round 
tubercles, ventral surfaces completely smooth; (4) dorsolateral 
skinfold and dark lateral band absent; (5) mid-vertebral skin 
ridge and dorsomedial stripe absent; (6) supratympanic fold 
distinct; (7) finger | well developed, slightly longer than one- 
half length of finger Il: (8) tips of fingers II-IV and toes II-V 
weakly dilated, not forming conspicuous disks; peripheral 
grooves ventrally present on tips of fingers II-IV and toes Il- 
IV; fingers and toes lacking dorsal median grooves or distal 
notches; (9) two small palmar tubercles (inner palmar tubercle 
rounded, prominent; outer palmar tubercle smaller and less 
distinct than inner, rounded, flattened); (10) two small 
metatarsal tubercles (inner metatarsal tubercle elongated, 
ovoid, flattened; outer metatarsal tubercle small, rounded, 
prominent); (11) limbs comparatively short, tibiotarsal 
articulation of adpressed limb reaching eye level; (12) toe 
webbing completely reduced; webbing formula: | 2-3 II 2-3 III 
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3-47: IV 445-244 V; (13) superciliary tubercles absent; (14) 
dorsum yellowish-brown with dark-brown contrasting "teddy- 
bear” -shaped marking running from interorbital to sacral 
region; larger tubercles on dorsum orange to red; body flanks 
grayish with darker mottling not clearly separated from dorsum 
coloration; dorsal surfaces of thighs and shanks with two to 
three dark crossbars; chin and throat with grayish mottling 
(blackish in males), body and limbs ventrally cream to whitish 
at belly. Interspecific genetic P-distances in the 16S rRNA 
gene fragment between the new species and other currently 
recognized species of Microhyla vary from 5.7% to 12.9%. 


Description of holotype (Figures 8-9, 10A): Small-sized 
male specimen in good state of preservation, SVL 15.6 mm; 
habitus very slender (Figure 8A), head small, notably shorter 
than wide (HL/HW 73.396); snout acuminate with rounded tip 
in dorsal view (Figure 8A), gently rounded in lateral profile 
(Figure 8C), slightly projecting above lower jaw in ventral 
aspect (Figure 8B); snout longer than eye diameter (EL/SL 
87.9%); eyes rounded, notably protuberant in dorsal (Figure 
8A) and lateral views (Figures 8C, 10A), pupil circular (Figure 
8C) head dorsally flattened, canthus rostralis rounded, 
indistinct; loreal region slightly concave; nostril lateral, 
rounded, located much closer to tip of snout than to eye 
(Figure 8C); tympanum hidden, supratympanic fold distinct, 
prominent, gently curving ventroposteriorly from posterior 
corner of eye towards forelimb insertion; maxillary and 
vomerine teeth absent, tongue obovate with pointed tip, 
smooth margins, lingual papillae absent; vocal sac single, 
subgular. 

Forelimbs comparatively short, three times length of 
hindlimbs (FLL/HLL 33.9%); hand short, shorter than lower 
arm (HAL/LAL 62.096), two times forelimb length (HAL/FLL 
51.296); fingers comparatively long and thin, rounded in cross- 
section, first finger well developed, notably longer than half of 
second finger length (1FL/2FL 56.0%); relative finger lengths: | 
«|I-IV«III (see Figures 8D, 9A). Finger webbing and dermal 
fringes absent; tip of finger | rounded, not enlarged, lacking 
terminal disk and median longitudinal furrow; tips of fingers Il- 
IV slightly dilated, not forming conspicuous disks and lacking 
dorsal median grooves; peripheral grooves ventrally present 
on tips of fingers II-IV (Figures 8D, 9A). Subarticular tubercles 
on volar surface of fingers rounded, with indistinct borders, 
rather flattened, finger subarticular tubercle formula: 1: 1:2:2; 
nuptial pad absent; two palmar tubercles: inner palmar 
tubercle rounded, slightly prominent, with distinct borders; 
outer palmar tubercle flattened, large, rounded, with indistinct 
borders, larger than inner (IPTL/OPTL 83.896); supernumerary 
palmar tubercles absent. 

Hindlimbs comparatively short and thin, tibia length equal to 
half of snout-vent length (TL/SVL 50.796), hindlimb length 
around 1.5 times longer than snout-vent length (HLL/SVL 
145.096); tibiotarsal articulation of adpressed limb reaching 
eye level; foot notably longer than tibia (FL/TL 144.9%); 
relative toe lengths: I«V«II«III«IV; tarsal fold absent; tip of toe 
| rounded, not forming terminal disk; tips of toes II-V weakly 
dilated, not forming conspicuous disks; peripheral grooves 





Figure 8 Holotype of Microhyla irrawaddy sp. nov. (ZMMU A5965), male, in preservative 
A: Dorsal view; B: Ventral view; C: Lateral view of head; D: Volar view of left hand; E: Plantar view of right foot. Photos by Nikolay A. Poyarkov. 
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Figure 9 Morphological details of holotype of Microhyla 
irrawaddy sp. nov. (ZMMU A5965), male, in preservative 

A: Volar view of left hand; B: Plantar view of right foot. Scale bar: 1 
mm. Drawings by Valentina D. Kretova. 


ventrally present on toe tips II-IV (Figures 8E, 9B); toes thin, 
long, rounded in cross-section, lacking dermal fringes (Figures 
8bE, 9B) webbing completely reduced between all toes, 
webbing formula: | 2-3 Il 2-3 Ill 3-418 IV 472-234 V; 
subarticular tubercles on toes distinct, rounded, protruding, 
toe subarticular tubercle formula: 1:1:2:3:2; nuptial pad 
absent; two small metatarsal tubercles, inner metatarsal 
tubercle elongated, ovoid, flattened; outer metatarsal tubercle 
small, rounded, prominent, around one third length of inner 
metatarsal tubercle (OMTL/IMTL 35.6%). 

Dorsal skin granular with numerous small granules and 
larger tubercles irregularly scattered on dorsum; distinct in life 
(Figure 10A) as in preservative (Figure 8A); upper eyelids with 
numerous small tubercles scattered medially; superciliary 
tubercles or projections absent; mid-vertebral dermal ridge 
and dorsolateral folds absent; skin on dorsolateral surfaces 
with smaller flattened granules and pustules; dorsal surface of 
forearms, thighs, shanks, and tarsus with evenly scattered 
small tubercles; skin on ventral sides of trunk, head, and limbs 
smooth. 


Coloration of holotype in life: Head and trunk dorsally with 
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yellowish-brown background coloration (Figure 10A); dark- 
brown interorbital bar between eyelids forming V-shaped 
marking oriented posteriorly towards scapular region; dark- 
brown markings on dorsum “ teddy-bear "-like shape: 
narrowing at head basis, widening to diamond-shape on 
scapular region (four blackish round spots forming cross), 
narrowing posteriorly, forming two pairs of dark stripes 
towards groin and sacral area. Indistinct brownish lines and 
blotches on sacral area and axillary region. Gray-brownish 
line with unclear edges running from posterior corner of eye 
along upper flanks toward groin. Thin dark-brown stripe from 
anterior corner of eye along canthus rostralis toward nostril. 
Lateral sides of head and trunk grayish to yellowish-gray 
(Figure 10A). Limbs dorsally yellowish-brown with darker 
brownish markings alternating on each limb: two brown cross- 
bars on forearms, brownish spots on dorsal surfaces of hands 
and fingers; two dark-brown blotches on dorsal surfaces of 
thighs, distal one continuing to shanks; shanks dorsally with 
three dark-brown cross-bars; dorsal surface of tarsus with two 
brown cross-bars; feet and toes with brownish spots. Ventral 
surfaces of chest and belly pale cream; throat with dense dark- 
gray mottling, getting darker toward margins of lower jaw and 
lower margin of upper jaw; light yellow pigmentation at 
junction of forelimbs; limbs ventrally pinkish. Tubercles and 
granules on dorsal surfaces of body, head, and thighs orange 
to bright-red (Figure 10A); superciliary area of upper eyelids 
lighter than medial area; supratympanic fold brown; light 
yellowish-cream stripe from posterior corner of eye toward 
forelimb insertion; cloacal region brownish. Pupil black, 
circular, edged with golden line, dense bronze-green to golden 
reticulations throughout iris; sclera greenish-yellow (Figure 
10A). 


Coloration of holotype in preservative: After preservation in 
formalin and storage in ethanol for six months, coloration of 
dorsal surfaces faded to grayish-brown (Figure 8A), ventral 
surface of chest, belly, and limbs changed to whitish-gray 
(Figure 8B). Dorsal pattern, brownish markings on dorsal 
surfaces of limbs and body unchanged; iris coloration 
completely faded to black (Figure 8C). 


Measurements of holotype (in mm): SVL 15.6; HL 5.1; SL 
2.4; EL 2.1; N-EL 1.4; HW 6.9; IND 1.3; IOD 1.8; UEW 1.1; 
FLL 7.7; LAL 6.3; HAL 3.9; IPTL 0.6; OPTL 0.7; 3FDD 0.4; 
HLL 22.6; TL 7.9; FL 11.5; IMTL 0.7; 4TDD 0.4; OMTL 0.3; 
1FL 0.9; 2FL 1.6; 3FL 2.8; 4FL 1.6; 1TOEL 1.5; 2TOEL 2.6; 
3TOEL 3.3; 4TOEL 5.4; 5TOEL 2.5. 


Variation: Variation in morphometric characters within the 
type series is shown in Table 4. In general, all paratypes agree 
well with the description of the holotype. Specimens vary 
significantly in body size, coloration of dorsal surface, form of 
dark "teddy-bear" -shaped brown markings on dorsum, extent 
of spotting on dorsum and flanks, and coloration of ventral 
surfaces. Males have generally much smaller body size than 
females: SVL in males 12.3-17.1 mm (mean 14.921.8 mm; n= 
7) and SVL in females 16.7—20.9 mm (mean 18.1+1.5 mm; n= 





Figure 10 Microhyla irrawaddy sp. nov. type series in situ 


A: Dorsolateral view of holotype (ZMMU A5965); B, C: Paratype males (ZMMU A5966 and A5967) in calling position in hollows and buffalo footprints 


in dirt at type locality. Photos by Parinya Pawangkhanant. 


6). Females have generally lighter coloration, with less 
contrast in light-brown dorsal marking and fewer bright 
reddish tubercles on dorsum (Figure 2B) than males (Figures 
2A, 10A). In female ZMMU NAP-08274, the dorsal “teddy- 
bear”-like marking on the dorsum is interrupted and 
represented by a number of large grayish-brown irregular 


blotches (Figure 2B). Females have a more gray-olive tint in 
dorsal coloration than males (Figure 2A, B). Males have a 
grayish-black subgular vocal sac, whereas females have 
lighter grayish-white throats. Gravid females contained 
unpigmented eggs, visible through the semi-translucent belly 
skin near the groin area. Background dorsal coloration of 
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breeding males may vary from light-gray (paratype ZMMU 
A5966, see Figure 10B) to beige (holotype ZMMU A5965, see 


Figure 10A) and light yellowish-brown (paratype ZMMU 
A5967, see Figure 10C). 


Table 4 Measurements of type series of Microhyla irrawaddy sp. nov. (in mm) 

















No, specimen Ed SVL HL SL EL N-EL HW IND IOD UEW FLL LAL HAL 1FLIPTLOPTL 3FDD HLLTL FL IMTL 1TOEL 4TDD OMTL 
Males 
1 ZMMUA5965 Holotype 1565.1242.114 69131814 7.7 63 3.9 0906 07 04 22679 11507 15 04 03 
2 ZMMU A5966 Paratype 17.153242.31.3 69131912 7.8 66 39 0906 06 0.3 23680 11206 14 04 03 
3 ZMMUA5967 Paratype 1544.92.52.21.2 7.01.3 19 12 7.6 60 37 0.7 0.5 06 0.3 22977 10907 12 03 04 
4 ZMMU A5968 Paratype 12.44.11.71.71.2 51131511 6855 34 0.8 0.3 06 03 18967 10106 13 03 02 
5 7ZMMUA5969 Paratype 16.05.12.32.21.3 62131811 827.1 45 0906 0.7 04 24383 12206 16 04 04 
6 ZMMU A5970 Paratype 15.35.22.31.81.1 6.7 14.3 17 1.3 8569 42 0.8 0.5 0.7 03 22679 11305 14 03 04 
7 ZISP 13730 Paratype 12.34.11.81.71.1 4.7 1.3 14 0.9 6652 35 0804 06 03 186659705 13 04 02 
Mean 14948222012 62131711 7.6 6.2 39 0805 07 03 21976 11006 14 04 03 
SD 18 05030301 1.0 0.0 0.2 0.1 0.7 07 04 0.101 01 00 22070801 01 01 01 
Min 12341171714 47131409 66 52 34 07 0.3 06 03 18665 97 05 12 03 02 
Max 17453252314 7013 19 1.3 85 7.1 45 0906 07 04 24383 12207 16 04 04 
Females 
8 ZMMUA5971 Paratype 16.75.12.02.21.2 7.21.4 19 10 7562 36 1.00.6 0.9 0.3 23380 11906 16 04 04 
9 ZMMU A5972 Paratype 17.65.32.52.21.4 7.7 1.6 21 12 9.5 74 47 1.1 0.7 0.7 04 26794 13306 18 04 04 
10 ZMMU A5973 Paratype 17.75.42.22213 67152014 92 66 48 10 0.6 07 04 26592 12604 17 04 04 
11 ZMMU A5974 Paratype 17.55.3222214 77 16 2:4 14 92 74 48 0906 08 04 25489 13006 16 05 0.5 
12 ZMMU A5975 Paratype 20.96.325241.5 78152113 95 74 48 1007 10 04 28110014107 16 05 0.5 
13 ZMMU A5976 Paratype 182542.3221.3 74152013 92 7.6 45 0.9 07 08 0.5 24.788 12206 16 05 OA 
Mean  18.155232213 74152012 907.1 45 1006 08 04 25890 12806 17 04 04 
SD 15 04020101 040.1 0.1 0.1 0806 04 0101 01 00 17 07 08 01 01 01 01 
Min 16751202212 67141910 75 62 36 0906 07 03 23380 11904 16 04 04 
Max 20.96.32.52.41.5 78162114 9.5 7.6 48 110.7 1.0 05 284110014107 18 05 05 


Min: Minium; Max: Maximum. For other abbreviations see Materials and Methods. 


Advertisement call: The Microhyla irrawaddy sp. nov. male 
advertisement call represents a characteristic rattling sound, 
resembling the sound of a ratchet to the human ear, similar to 
“krrrrr... kkrrrrr... kkrrrrr---". Advertisement signal calls were 
of 0.184+0.07 s duration (0.004 — 0.277 s, n=50), consisting 
of 1-5 pulses (4+2, n=50) (Figure 11). The pulse duration was 
4+0.1 ms (2-5 ms, n=194) and the interval between 
successive pulses within a call varied from 5 to 99 ms (59x 
2.11 ms, n=144). Thus, the pulse period was 6342.12 ms (9- 
103 ms, n=144) and pulse rate varied from 11.89 to 57.14 
pulses/s (17.341.05 pulses/s, n=49). The maximum amplitude 
frequency of pulses varied within a call from pulse to pulse 
and the mean value of this parameter was 3 700x570 Hz, n= 
194 (1 870—4 120 Hz). The maximum amplitude frequency of 
the call varied from 2 810 to 4 120 Hz (3 780x350 Hz, n-50). 


Natural history: Same as Microhyla fodiens sp. nov., the 
new species inhabits the dry zone of central Myanmar with a 
hot semi-arid savanna-like climate (see above). The new 
species was recorded in two habitats within the Pakokku 
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District of Magway Division, but was always observed in close 
proximity to comparatively large waterbodies, including 
temporary and permanent pools in the Irrawaddy River Valley 
(Figure 7B) in suburbs of Pakokku city, or paddy fields and 
water reservoirs in the vicinity of Kan Pauk village. 

Specimens of Microhyla irrawaddy sp. nov. were collected 
at night from 1830 h to 2100 h. Males did not normally sit in 
the open and were recorded calling from small cracks and 
holes in the banks of the waterbody, often hiding in footprints 
of buffalo hooves (Figure 10B, C). Males called from 1900 h to 
approximately 0200 h. Females were recorded while hiding in 
grass in close proximity to water-filled pools. Clutch size is 
unknown; one female (ZMMU A5972) laid ca. 30 eggs in a 
plastic bag after capture. Eggs of the new species are 0.8- 
0.9 mm in diameter and yellowish-white in color with a 
brownish animation pole. Larval stages of Microhyla irrawaddy 
sp. nov. are unknown. Diet of the new species is unknown. 

At the type locality, Microhyla irrawaddy sp. nov. was found 
in sympatry with congeneric species M. mukhlesuri (Figure 
2D), and also with Fejervarya sp.; these species shared the 
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Figure 11 Oscillogram (top) and sonogram (bottom) of male advertisement call of Microhyla irrawaddy sp. nov. recorded at 21.5 °C 


(suburbs of Pakokku, Pakoku District, Magway Division, Myanmar) 


same breeding site with the new species. In the vicinity of Kan 
Pauk village, the new species was recorded in sympatry with 
Microhyla fodiens sp. nov., Kaloula pulchra, Fejervarya sp., 
Hoplobatrachus cf. tigerinus,  Sphaerotheca sp., and 
Duttaphrynus melanostictus. 


Distribution: Microhyla irrawaddy sp. nov. is at present 
known from two closely located areas in Pakokku District of 
Magway Division, central Myanmar: i.e., suburbs of Pakokku 
city on the bank of the Irrawaddy River (the type locality) and 
in the vicinity of Kan Pauk village, Yesagyo Township (ca. 30 
km north of type locality) (Figure 1). The species was 
recorded from elevations of 60 to 220 m a.s.l.. A genealogically 
closely related population of Microhyla (herein indicated as 
Microhyla sp. 2, see Table 1) was recorded from the vicinity of 
Chatthin in Sagaing Division of northern Myanmar by Mulcahy 
et al. (2018). Considering the notable genetic divergence 
between Sagaing and Magway populations (P=2.0%), further 
research is needed to clarify whether Microhyla sp. 2 is 
conspecific with Microhyla irrawaddy sp. nov. The actual 
distribution of the new species is unknown and discoveries of 
new localities within the middle part of the Irrawaddy River 
Valley are anticipated. 


Conservation status: Currently, the actual distribution range 
and population trends of Microhyla irrawaddy sp. nov. remain 
unknown and require further study. Given the information 
available, we suggest Microhyla irrawaddy sp. nov. be 
considered as a Data Deficient species following IUCN' s Red 
List categories (IUCN Standards and Petitions Subcommittee, 
2017). 


Etymology: The new species name “irrawaddy” is given as a 
noun in apposition in reference to the Irrawaddy (or, officially, 
Ayeyarwady) River — the greatest water basin in Myanmar and 
western Indochina, and the cradle of Burmese civilization. The 
new species is known to occur in dry areas of the central part 


of the Irrawaddy Valley in the Magway Division, but likely has 
a wider distribution in the dry zone of central Myanmar. The 
recommended common name in English is “/rrawaddy narrow- 
mouth frog". The recommended common name in Burmese is 
"Myanmar Thaephar". 


Morphological comparisons: In having toes with almost 
completely reduced webbing (webbing | 2-3 II 2-3 III 3-4% IV 
475-274 V), Microhyla irrawaddy sp. nov. can be easily 
distinguished from those members of the genus that have fully 
developed webbing reaching to disks at most toes (usually 
with the exception of toe IV), including: M. annamensis Smith, 
1923, M. annectens, M. berdmorei (including M. fowleri Taylor, 
1934, which is considered a synonym of M. berdmorei by 
Matsui et al., 2011), M. darevskii Poyarkov, Vassilieva, Orlov, 
Galoyan, Tran, Le, Kretova & Geissler, 2014, M. malang, M. 
mantheyi, M. marmorata, M. nanapollexa Bain & Nguyen, 
2004, M. perparva, M. petrigena, M. pulchella Poyarkov, 
Vassilieva, Orlov, Galoyan, Tran, Le, Kretova & Geissler, 
2014, M. pulverata Bain & Nguyen, 2004, and M. superciliaris 
(detailed by Poyarkov et al., 2014). 

A number of Microhyla species have toe webbing that 
reaches the level of the penultimate (distal) subarticular 
tubercles on at least some toes and, thus, can be easily 
diagnosed from Microhyla irrawaddy sp. nov., where toe 
webbing is completely reduced. These species include M. 
arboricola Poyarkov, Vassilieva, Orlov, Galoyan, Tran, Le, 
Kretova & Geissler, 2014, M. darreli Garg, Suyesh, Das, 
Jiang, Wijayathilaka, Amarasinghe, Alhadi, Vineeth, Aravind, 
Senevirathne, Meegaskumbura & Biju, 2018 "2019", M. 
karunaratnei Fernando & Siriwardhane, 1996, M. palmipes, M. 
pulchra (Hallowell, 1861), M. sholigari, and M. zeylanica 
Parker & Osman-Hill, 1948. In M. butleri and M. aurantiventris 
toe webbing is better developed than in Microhyla irrawaddy 
sp. nov. reaching the level between the two distal tubercles 
on the third toe. 
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The new species has a very slender body habitus and can 
be easily distinguished from those species of Microhyla that 
have a stout body habitus and enlarged spade- or shovel- 
shaped outer metatarsal tubercle as an adaptation for digging, 
including: M. rubra, M. mihintalei, M. taraiensis, M. picta, and 
Microhyla fodiens sp. nov. (see above). The presence of 
scattered red spots or dots over the dorsum was previously 
reported only for M. taraiensis; thus, with the exception of the 
presence of red or reddish dorsal tubercles, the new species 
can be distinguished from all remaining species of Microhyla. 

The following species of Microhyla have notable longitudinal 
grooves on the dorsal surface of fingers and toes (also known 
as dorso-terminal grooves) and, thus, can be readily 
distinguished from the new species, which lacks such 
grooves: M. achatina, M. annamensis, M. annectens, M. 
arboricola, M. aurantiventris, M. beilunensis (on toes only), M. 
borneensis, M. darreli, M. gadjahmadai, M. heymonsi (usually 
present), M. karunaratnei, M. kodial, M. malang, M. mantheyi, 
M. marmorata, M. minuta Poyarkov, Vassilieva, Orlov, 
Galoyan, Tran, Le, Kretova & Geissler, 2014, M. nanapollexa, 
M. orientalis, M. perparva (on toes only), M. petrigena, M. 
pineticola Poyarkov, Vassilieva, Orlov, Galoyan, Tran, Le, 
Kretova & Geissler, 2014, M. pulchella, M. pulverata, M. 
sholigari, and M. superciliaris (two latter species have grooves 
on toes only). 

Microhyla irrawaddy sp. nov. has a notably granular skin on 
dorsum, which readily distinguishes it from those species of 
Microhyla that have smooth or shagreened dorsal skin without 
prominent granular projections, including: M. achatina, M. 
annectens, M. chakrapanii Pillai, 1977, M. darreli, M. fusca 
Andersson, 1942, M. gadjahmadai, M. heymonsi, M. 
karunaratnei, M. laterite, M. malang, M. marmorata, M. 
mukhlesuri, M. mymensinghensis, M. nanapollexa, M. 
perparva, M. pineticola, M. pulchella, M. pulverata, M. 
sholigari, and M. superciliaris. 

The new species has a well-developed first finger, longer 
than one half of the second finger length, whereas in a 
number of its congeners the first finger is reduced or is shorter 
than one half of the second finger length, including: M. 
achatina, M. annamensis, M. annectens, M. arboricola, M. 
beilunensis, M. berdmorei, M. borneensis (reduced to a nub), 
M. darreli, M. fissipes, M. fusca, M. gadjahmadai, M. 
heymonsi (smaller or equal to one half of second finger 
length), M. malang, M. mantheyi, M. marmorata, M. mihintalei, 
M. minuta (smaller or equal to one half of second finger 
length), M. mixtura, M. nanapollexa (reduced to a nub), M. 
orientalis, M. palmipes (reduced to a nub), M. perparva 
(reduced to a nub), M. petrigena (reduced to a nub), M. picta, 
M. pineticola, M. pulchella, M. pulchra, M. pulverata, and M. 
superciliaris. 

Microhyla irrawaddy sp. nov. can be distinguished from M. 
maculifera Inger, 1989 from Borneo by the following 
characteristics: generally larger body size, adult males SVL 
12.3-17.1 mm, adult females SVL 16.7—20.9 mm (vs. adult 
males SVL 12.0-13.3 mm, adult females 11.8 mm), two 
metatarsal tubercles on feet (vs. single metatarsal tubercle), 
dorsum irregularly covered with tubercles of various sizes (vs. 
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two lateral rows of tubercles), and weak disks on fingers II--IV 
(vs. no disks on fingers) The new species can be 
distinguished from M. nilphamariensis from the lowlands of 
Nepal and northern India by the following characteristics: 
notably granular skin (vs. smooth or shagreened), first finger 
longer than one half of second finger length (vs. equal), and 
reduced webbing on toes, toe webbing formula: | 2-3 II 2—3 III 
3-475 IV 445-234 V (vs. comparatively better developed foot 
webbing, toe webbing formula: | 2-274 Il 2-375 Ill 3-4 IV 474— 
2% V). The new species can also be distinguished from M. 
okinavensis by the following characteristics: smaller body size, 
adult males SVL 12.3- 17.1 mm, adult females SVL 16.7- 
20.9 mm (vs. adult males SVL 22.5-28.2 mm, adult females 
SVL 26.5-30.8 mm), notably granular skin (vs. smooth or 
shagreened), presence of weak disks on fingers and toes (vs. 
absent) comparatively shorter hindlimbs with tibiotarsal 
articulation of adpressed hindlimb reaching eye level (vs. 
reaching snout tip), and reduced webbing on feet, toe 
webbing formula: | 2-3 Il 2-3 Ill 3-472 IV 472—234 V (vs. 
comparatively better developed foot webbing, toe webbing 
formula: | 172-2 Il 172—374 Ill 224-4 IV 4-275 V). 

Microhyla irrawaddy sp. nov., can be further distinguished 
from its sister species M. kodial from southern India by the 
following characteristics: larger and more prominent tubercles 
(vs. comparatively less granular skin with small flat tubercles), 
no olive dorsal markings, red or orange dorsal tubercles and 
brown "teddy-bear"-shaped marking present dorsally (vs. 
olive-green markings on dorsum and lacking red-colored 
tubercles and brown “ teddy-bear” -shaped marking on 
dorsum), dorsolateral line of tubercles and dark stripe present 
(vs. dorsolateral row of tubercles and dorsolateral dark stripe 
absent), and dorsal notches absent on digits (vs. short dorsal 
notches on finger- and toe-tips). 


Acoustic comparisons: Comparison of advertisement call 
parameters is based on data from the current study and from 
Dehling (2010), Garcia-Rutledge & Narins (2001), Heyer 
(1971), Kanamadi et al. (1994), Khatiwada et al. (2017a), 
Kuramoto & Joshy (2006), Kurniati (2013), Le et al. (2016a, 
b), Matsui (2011), Nguyen et al. (2019), Vineeth et al. (2018), 
and Wijayathilaka 4 Meegaskumbura (2016). Comparison of 
current bio-acoustic analyses with available data is presented 
in Table 5. 

Microhyla irrawaddy sp. nov. has a unique combination of 
acoustic parameters, such as a relatively low number of 
pulses per call, low pulse rate, and relatively high call 
frequency of maximum amplitude (see Table 5). According to 
most acoustic parameters, Microhyla irrawaddy sp. nov. is 
similar to M. kodial from southern India: i. e., frequency of 
maximum amplitude (3 780x350 Hz vs. 3 752.164233.06 Hz), 
number of pulses per call (4x2 vs. 6x2), and pulse rate (17.34 
1.05 pulses/s vs. 14.97+1.38 pulses/s). However, the 
advertisement signal of Microhyla irrawaddy sp. nov. 
significantly differs from M. kodial by call duration (0.18+0.07 s 
vs. 0.33x0.07 s). 

Call duration in Microhyla irrawaddy sp. nov. (0.18+0.07 s) 
is similar to that of M. malang (0.17x0.04 s), M. rubra (0.174 
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0.03 s), and M. mihintalei (0.19x0.02 s); however, other call 
parameters among these species are different: for example, 
number of pulses per call (442 vs. NA, 18x0.2, and 1322.5, 
respectively), pulse rate (17.3+1.05 pulses/s vs. 30.3£1.4, NA, 
and 58.6+2.8 pulses/s, respectively), | and frequency of 
maximum amplitude (3 7804350 Hz vs. 2 404494, 2 268443, 
and 2 1004400 Hz, respectively). 

Microhyla irrawaddy sp. nov. has a similar frequency of 
maximum amplitude (3 7804350 Hz) to M. sholigari (3 673.554 
159.54 Hz) and M. laterite (3 670.96497.10 Hz), but differs 
from these two species by values of temporal parameters, 
such as call duration (0.18x0.07 s vs. 0.73+0.04 and 0.70+ 
0.05 s, respectively), number of pulses per call (442 vs. 6344 
and 90+6.75, respectively), and pulse rate (17.31.05 pulses/s 
vs. 8643.84 and 128.24+3.98 pulses/s, respectively). 


DISCUSSION 


Myanmar remains one of the least herpetologically studied 
countries in Southeast Asia. However, its vast area and 
diversity of lowland and montane habitats with varying climatic 
conditions make Myanmar a promising area for discovery of 
yet unknown herpetofaunal diversity (Grismer et al., 2017a, 
2017b; Mulcahy et al., 2018). In recent years, significant 
progress has been made in describing the diversity of 
Myanmar amphibians (e.g., Dever, 2017; Dever et al., 2012; 
Grismer et al., 2018b; Pawangkhanant et al., 2018; Sheridan 
& Stuart, 2018; Suwannapoom et al., 2016; Wilkinson et al., 
2003, 2012, 2014; Wogan, 2012; Wogan et al., 2003; Zaw et 
al., 2019; Zug, 2015), although almost all new species 
discovered have been encountered in hilly or montane wet 
areas covered with tropical forests. In the present paper, we 
describe two new species of Microhyla from the driest and 
hottest part of Myanmar-the Irrawaddy (Ayeyarwady) River 
Valley in the central part of the country. This area has the 
lowest level of precipitation in Myanmar and is characterized 
by a semi-arid savanna-like climate (Peel et al., 2007). 
Previous studies have shown that the hilly regions within the 
Irrawaddy Basin are notable for harboring endemic species of 
lizards (Grismer et al., 2018a, 2018c). Our study shows that 
the dry plains of the central Irrawaddy River Basin also harbor 
an unknown endemic diversity of frogs. 

Both newly described Microhyla species appear to be well 
adapted to the seasonally dry environment, especially 
Microhyla fodiens sp. nov., which is notable for its stout body 
habitus and large shovel-like outer metatarsal tubercle used 
for burrowing. Several species of Microhyla have developed 
similar adaptations and inhabit arid and often sandy areas in 
southern India (M. rubra), Sri Lanka (M. mihintalei), northern 
India and Nepal (M. taraiensis), and south-eastern Vietnam 
(M. picta). The phylogenetic position of M. picta is unknown; 
however, our mtDNA genealogy analysis indicated that stout- 
bodied burrowing species belong to at least two distinct 
species groups of Microhyla and adaptations to arid 
environments in the genus likely evolved independently. 

Our data provide an important contribution to knowledge on 


the Microhyla fauna of Myanmar. In agreement with previous 
studies, we confirmed the presence of M. heymonsi and M. 
butleri in the country; the latter species recorded for the first 
time in Kachin State. A recent study by Nguyen et al. (2019) 
demonstrated significant divergence within M. butleri, which 
consists of two main lineages-one inhabiting southern 
mainland China and Taiwan, China and the other found in 
Indochina and the Malayan Peninsula (divergence level P- 
1.796). The Myanmar population of M. butleri from Kachin 
State belongs to the Indochinese lineage. We also confirmed 
significant phylogenetic structuring within M. heymonsi, with 
Myanmar populations falling into at least two distinct lineages 
within the species (divergence level P=2.3%); however, further 
studies are required to clarify the phylogeographic structure of 
the M. heymonsi species complex. Our study did not confirm 
the results of Mulcahy et al. (2018), who assigned Myanmar 
populations of the former “M. ornata" species complex to M. 
fissipes. Results of our phylogenetic analyses clearly indicate 
that they belong to M. mukhlesuri, a species originally 
described from eastern Bangladesh (Hasan et al., 2014), but 
recently shown to inhabit almost all Indochina south of the 
Red River basin (Yuan et al., 2016). Thus, our work raises the 
number of Microhyla species known for Myanmar to six, and 
the total number of species recognized within the genus to 48. 

Our knowledge on Microhyla diversity in Myanmar is still far 
from complete. Mulcahy et al. (2018) reported a population of 
Microhyla sp. from the vicinity of Chatthin in Sagaing Division, 
indicated in the present study as Microhyla sp. 2. Our 
phylogenetic analyses recovered this population as a sister 
taxon of Microhyla irrawaddy sp. nov. from the Magway 
Division. Though these two lineages showed a moderate level 
of genetic divergence (P=2.0%), this differentiation is 
comparable with genetic distances between some recognized 
species of Microhyla (e.g., M. fissipes and M. mukhlesuri P= 
2.4%; M. borneensis and M. malang P=2.6%; see Table 2). 
Hence, we consider that morphological and acoustic data are 
needed to test whether Microhyla sp. 2 is conspecific with 
Microhyla irrawaddy sp. nov. Further sampling and research 
on genetic and morphological differentiation of Microhyla frogs 
in Myanmar might lead to discovery of yet unknown lineages 
and species. 

The phylogenetic position of Microhyla irrawaddy sp. nov. is 
of special interest, as it is reconstructed as a sister species 
with respect to M. kodial from southern India. The latter 
species was recently described and found to be the only 
member of the mostly Southeast Asian M. achatina species 
group reported for the Indian subcontinent (Vineeth et al., 
2018). Vineeth et al. (2018) argued that the possible 
explanation for this biogeographic pattern could be the 
introduction of M. kodial from somewhere in Southeast Asia, 
and noted that the type locality of this species is adjacent to 
the New Mangalore Port "where timber logs imported from 
Myanmar, Malaysia and Indonesia used to be dumped until 
recently" (Vineeth et al., 2018, p. 175). According to Vineeth 
et al. (2018), a population of M. kodial could have been 
introduced from South East Asia and established in the 
lowlands of southern India several decades ago. Our 
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discovery of a closely related but still significantly divergent 
lineage in arid areas of central Myanmar represents a 
possible “stepping stone” between Southeast Asia and India 
and suggests that a past dispersal event from Myanmar to the 
Indian subcontinent should not be excluded in explaining the 
biogeographic origin of M. kodial. Amphibians, especially 
small frogs such as Microhyla, are usually sensitive to minor 
changes in temperature and humidity; an unintended transfer 
of such miniaturized frogs on ships with timber seems an 
unrealistic scenario. On the other hand, the establishment of a 
monsoon climate and the consequent aridification starting ca. 
10 mya has been shown to have influenced diversification in 
at least four groups of Indian lizards: i. e., Cyrtopodion, 
Cyrtodactylus, Ophisops, and Sitana (Agarwal et al., 2014; 
Agarwal & Karanth, 2015; Agarwal & Ramakrishnan, 2017; 
Deepak & Karanth, 2018). Progressing aridification of India 
could favor dispersal of species adapted to drier environments 
from the Eurasian mainland to the Indian subcontinent 
(Deepak & Karanth, 2018; Solovyeva et al., 2018). Further 
sampling and molecular phylogenetic and biogeographic 
studies are required to elucidate the biogeographic history of 
Microhyla and the processes of faunal exchange between the 
Indian subcontinent and Eurasian landmass. 


Key to species of Microhyla Tschudi, 1838 from Myanmar 
The following key can be used as a guide for the identification 
of Microhyla species occurring in Myanmar. 


1a) Body habitus stout; outer metatarsal tubercle large, 
shovel-like; large black blotch in inguinal region 
sx EG HANG ASA NANG OPER RUES VNDE Microhyla fodiens sp. nov. 
1b) Body habitus slender or stocky; outer metatarsal tubercle 
small or absent PAPET AP AA AA 2 
2a) Webbing on toes complete except toe IV: limbs long, 
tibiotarsal articulation of adpressed hindlimb reaching well 
beyond snout, in life inguinal region and ventral surface of 
thighs with yellowish tinteste Microhyla berdmorei 
2b) Webbing on toes reaching distal tubercles or rudimentary; 
limbs short, tibiotarsal articulation of adpressed hindlimb 
reaching snout or shorter; in life no yellowish tint in 
inguinal region and ventral surface of thighs 3 
3a) Webbing on toe Ill reaching level between two distal 
tubercles; dorsum with dark hourglass-shaped or “teddy- 
bear”-shaped figure edged with light border =e 


OWS RAURURS AA IRR SERRE ERR REA ibm Ese sas ERANT E REUS TRE Fr E Microhyla butleri 
3b) Webbing on toe rudimentary; no dark figure with light 
edging on dorsum PAANAN EP e ER REER VETERE RES EA E EE A ERAT UV, 4 


4a) Finger | length subequal to one half of finger II length; 
body and head sides dark-brown to black, clearly 
separated from light-brown coloration of dorsum; light 
dorsomedial stripe with black spot in scapular region =+: 
"(——————Ó— Microhyla heymonsi 
4b) Finger | length greater than one half of finger Il length; 
body and head sides not black, dorsomedial stripe and 
black scapular spot absent 1171111111177111.77.7....a aaa. 5 
5a) Medium-sized species (adult males SVL 16.5-21.0 mm); 
disks on digits absent; tibiotarsal articulation of adpressed 
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hindlimb reaching snout; skin on dorsum smooth; dorsum 
with light-brown longitudinal lines resembling wood 
pattern ce Microhyla mukhlesuri 

5b) Small-sized species (adult males SVL 12.3-17.1 mm); 
disks on digits present, tibiotarsal articulation of 
adpressed hindlimb reaching eye level; skin on dorsum 
granular with numerous reddish tubercles rererere 
PINARA NANANA N NASAAN GA N E Microhyla irrawaddy sp. nov. 
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ABSTRACT 


Valentin's rock lizard (Darevskia valentini) is suggested 
to be the parent for several parthenogenetic species 
(e.g., D. armeniaca, D. bendimahiensis, D. sapphirina, 
and D. unisexualis) that evolved through hybridization. 
Complex evolutionary processes (including reticulate 
evolution) are occurring within the areas where 
Valentin' s rock lizard coexists with these and other 
rock lizards. Hence, a detailed biological specification 
of this species is important for understanding how 
vertebrates evolve. Valentin's rock lizard is a long- 
lived (up to 9 years), small diurnal lizard with larger 
females than males, which is unlike other species of 
the genus. Their relatively large eggs and early 
reproduction period, which occurs just after 
emergence from winter shelters, are adaptations for 
living in a high elevation climate (higher than 2 000 
m a.s.l.). Their body temperatures (31-32 °C) are 
comparable to body temperatures of rock lizards 
living in milder climates, though female body 
temperature is more dependent on_ substrate 
temperature and basking due to their lower activity 
than that found in males. Population density fluctuates 
from several individuals to several hundred per 
hectare and is not affected by parthenogen coexistence, 
although hybrids do occur in sexually biased 
populations where males are more common than 
females. The male home range is larger than that of 
females, though these home ranges broadly overlap. 
Prey is not limited in the mountain meadows and 
Valentin’s rock lizards feed on a great variety of 


arthropods. Infanticide occurs in high-density 
populations. 
Keywords: Darevskia valentini, Reproduction; 
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Population density; Skeletochronology; Home range; 
Seasonal activity 


INTRODUCTION 


Rock lizards belong to the genus Darevskia (Arribas, 1999; 
Arribas et al., 2017) or the recently suggested genus 
Caucasilacerta (Busack et al., 2016), which comprises about 
30 relatively small species, seven of which reproduce 
parthenogenetically. The lizards of this genus are distributed 
in the Caucasus Mountains, Armenian highlands, northern 
Iran, western Turkmenistan, eastern Turkey, and Crimean 
Peninsula. Due to hybrid speciation in this genus, Caucasian 
rock lizards are important model organisms for the study of 
evolutionary mechanisms (Danielyan et al., 2008; Darevsky, 
1967; Freitas et al., 2016; Ryskov et al., 2017; Spangenberg 
et al., 2017; Tarkhnishvili et al., 2013). However, information 
on the ecological traits and requirements of most Darevskia 
species is limited. Their biological features were first partially 
described by Darevsky (1967), with other researchers since 
undertaking studies on niche differentiation (Tarkhnishvili et 
al., 2010), age estimation (Arakelyan, 2002; Kurnaz et al., 
2017; Sergeev, 1937; Tsellarius & Tsellarius, 2009), foraging 
and prey composition (Darevsky & Danielyan, 1967; Lukina, 
1963), and spacing and social behavior (Galoyan, 2010, 
2013a; Tsellarius & Tsellarius, 2001; Tsellarius et al., 2016, 
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2017). However, there is still a general lack of information on 
the natural history of rock lizards. Moreover, our basic 
understanding of the underlying mechanisms of modern 
geographical distribution and evolutionary scenarios needs to 
be improved, in particular the specific ecological traits within 
the genus Darevskia. 

Valentin's rock lizard (Darevskia valentini (Boettger, 1892)) 
is a rock-dwelling lizard that mainly inhabits meadows at 
elevations between 1 900 and 3 110 m a.s.l. in the Small 
Caucasus, particularly in northern Armenia, southern Georgia, 
northern Iran, and eastern Turkey (Arakelyan et al., 2011; http: 
/Ireptile-database. reptarium. cz, 2017). This taxon was 
previously described as Lacerta saxicola terentjevi (Darevsky, 
1957) and then synonymized with the earlier suggested name 
Lacerta saxicola valentini (Darevsky, 1965). The high 
elevation and extreme climate have contributed to the distinct 
natural history of this species. Furthermore, this species is of 
interest due to its evolutionary role in the origin of several 
parthenogens, namely D. armeniaca, D. bendimahiensis, D. 
sapphirina,and D. unisexualis (Fu et al., 2000; Tarkhnishvili et 
al., 2016). Among mtDNA clades, according to their phylogeny 
(Ahmadzadeh et al., 2013; Murphy et al., 2000), this species 
belongs to the 'rudis' clade. The hybrid origin of parthenogenetic 
rock lizards is not controversial (Darevsky et al., 1985; Murphy 
et al., 2000; Tarkhnishvili et al., 2017). It is suggested that D. 
valentini is the paternal species for those listed above. Triploid 
and even tetraploid hybrids between parental and 
parthenogenetic species have also been described previously 
for sympatric populations (Danielyan et al., 2008; Darevsky & 
Kupriyanova, 1985); however, their evolutionary role is still 
unrecognized. Hence, understanding the hybridization 
conditions, ecological preferences, and biological specification 
of the parental species is crucial for our understanding of the 
appearance of parthenogens. 

The aims of this study were to consolidate data on the 
autecology of Valentin s rock lizard from allopatric and 
sympatric populations and to describe the main biological 
traits of the species, which are important for predicting 
evolutionary output within rock lizards. Here we present 
considerable data compiled from different areas and years by 
our research team and provide a general overview of the 
ecological characteristics of Valentin’s rock lizard. 


MATERIALS AND METHODS 


Study object 

Among rock lizards, Valentin’s rock lizard is a relatively large 
species with a snout-vent length (SVL) body size of up to 77 
mm. According to Darevsky (1967, p. 104), the dorsum 
coloration is greenish-brown or bright-green and the venter is 
yellow or white (Figure 1A, B). A black temporal stripe bears 
one to three longitudinal rows of rounded, bright (bluish in 
pectoral zone) spots forming the centers of fused, dark ocelli. 
The upper side of the head has black, irregular blotches and 
spots. Males differ in body proportion, with a relatively wide 
head, and bright coloration. Daughter parthenogenetic 
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species D. unisexualis differs from D. valentini by grey dorsum 
coloration with a reticulate pattern (Figure 1C). Unlike in D. 
armeniaca (Figure 1D), there are several, not one, rows of 
scales between the tympanic shield and mid temporal scale 
(Figure 1E, F; Darevsky, 1967, fig. 39, p. 52). Darevskia 
armeniaca differs from D. valentini by dull-green dorsal 
coloration with light spots along the flanks and pale-yellow 
venter with white throat (Figure 1D). The adult triploid hybrids 
between parthenogenetic D. unisexualis and D. valentini are 
often larger and more robust than the adult diploid individuals 
(Danielyan et al., 2008) and can be distinguished by green 
dorsum coloration with distinct reticulate pattern similar to that 
in D. unisexualis (Figure 1G). Hybrids between parthenogenetic 
D. armeniaca and D. valentini are larger than the diploids but 
exhibit no any obvious differences from D. armeniaca. 


Study area 

Valentin's lizard is widely distributed along the Armenian 
highlands, mostly in the central and northern parts of the 
country. We used the data on distribution of D. valentini 
(Arakelyan et al., 2011; Petrosyan et al., 2019) and open 
access in ArcGIS 10.2 applying World Topographic Map, 
published by ESRI (services. arcgisonline. com) application to 
make the distribution map (Figure 2). We collected data for 
the present work between 2006 and 2017 from four locations 
in Armenia (Figure 2): Mets Sepasar (area of Ashotsk City, 
Shirak Province, 2 030 m a.s.l.), Kuchak (area of Aparan City, 
Aragatsotn Province, 1 900 m a.s.l.), Lchashen (Gegharkunik 
Province, 1 900 m a.s.l.), and Sotk (Gegharkunik Province, 
2 030m a.s.1.). Kuchak and Mets Sepasar were the main 
survey areas as they represent two population models with 
high and low population densities. In all studied localities, 
Valentin' s rock lizards occupy highlands with cold snowy 
winters, chilly and rainy springs and short, relatively hot and 
dry summers (Figure 3). Although the climatic conditions are 
similar in these areas, Mets Sepasar experiences heavier 
snowfalls in winter and, in general, colder temperatures. High- 
elevation meadows with dense grass vegetation of up to 40— 
50 cm in height dominate the landscape. In the survey areas, 
rock lizards inhabit stony mounds (Figure 4A), rocky outcrops 
of glacial origin, and steep rocks along roads (Figure 4B), 
riverbanks, and cliffs on lakeshores and river valleys. All listed 
population areas are subject to cattle grazing. 

There are two population types: allopatric, where D. 
valentini is the only one species of rock lizards; and sympatric 
(Figure 2), where D. valentini coexists with the 
parthenogenetic Armenian rock lizard (D. armeniaca Meheli, 
1909) and D. unisexualis (Darevsky, 1966). 


Population density and structure 

We used distance sampling (Buckland et al., 1993) to 
estimate lizard population densities. Age and sex structure, 
microhabitat use, as well as seasonal and daily activities were 
estimated on the same line transects (Table 1). One line 
transect was placed in the high-elevation meadow area near 
Mets Sepasar (allopatric population) and another included the 
path along the bank of the Akhuryan River valley and where 





Figure 1 Morphology and external view of studied lizards 


A: Male Darevskia valentini, B: Female D. valentini, C: D. unisexualis; D: D. armeniaca; E: Head of D. armeniaca with one row of scales between 
tympanic shield and mid temporal scale; F: Head of D. valentini female; G: Female triploid hybrid between D. valentini and D. unisexualis. 


an old nineteenth century stone bridge crosses the river 
(sympatric population). The transect near Kuchak village 
crossed a meadow (sympatric population). Counting was 
performed by three scientists with the help of binoculars. All 
participants were experienced in joint work to calibrate their 
results. The perpendicular distance from the transect line to 
each detected lizard was noted in a field book. We visually 
identified the lizards to species and hybrids according to 
experience and described characteristics (Danielyan et al., 
2008). We also noted age and sex categories: i. e., adult 
females, adult males, and young. The latter included subadults 
and juveniles due to difficulties in their discrimination. Prior to 
each survey, we recorded the temperatures above the surface 
in the shade and substrate temperatures in the sun. 
Encounter surveys were performed on selected transects from 
0600 h to 1900 h during warm sunny days: one in Kuchak (23 
June 2013) and two in Mets Sepasar (14 June 2016). This 
allowed us to estimate daily activity patterns of lizards and to 
define the maximum number of lizards per day for population 
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density calculation. 

Population density (D) is commonly calculated as the 
number of detected animals (n) within the boundaries of the 
occupied area (A). We calculated population density via the 
formula D=N/2/wPa, where / is the length of the transect, w is 
half the width of the transect, N is the number of estimated 
lizards, and Pa is the proportion of animals detected in the 
covered area (2/w) (Kendeigh, 1944). The number of animals 
over substantial distances can be underestimated. To estimate 
the proportion of animals detected within the covered area, at 
different distances from the line of the transect, we divided the 
width of the transects into segments, which included 
perpendicular distances to each registered lizard: 0-1 m to 9— 
10 m. The detection function (df) for different distances from 
the counting transect was estimated, and the probability of 
underestimated individuals was calculated using the formula 
Pa-S,S,, where S, is the area under the detection function 
and S,, is the area under uniform distribution within the 
detection range (Buckland et al., 1993; Gonzalez et al., 2017). 
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Figure 2 Distribution map of Valentin’s lizard (D. valentini) in Armenia and adjacent areas (Arakelyan et al., 2011 with changes) 
Survey areas are marked by stars, 1: Mets Sepasar (D. valentini, D. raddei nairensis, D. armeniaca), 2: Kuchak (D. valentini, D. armeniaca; D. 
unisexualis), 3: Lchashen (D. valentini, D. armeniaca; D. unisexualis), 4: Sotk populations (D. valentini, D. armeniaca). 
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Figure 3 Climatographs (data from https://ru.climate-data.org) for cities closest to the main survey areas 
A: Ashotsk (Shirak Province, area of Mets Sepasar); B: Aparan (Aragatsotn Province, area of Kuchak). 


Detection functions were determined during daylong monitoring 
and fitted to half-normal distribution (Table 1; Supplementary 
Figure 1). The differences in Pa between the study areas were 
explained by low temperatures and strong winds in the 
meadow near Mets Sepasar village; hence, lizard activity was 
higher on the stones, where the probability of being detected 
by an observer was also higher. Further recalculations to the 
area A were established, which is, in our case, equal to one 
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hectare. Calculations were performed using the "Distance" 
package in R software. Average lizard density was calculated 
for the samplings at activity peaks and is given with the standard 
errors (SE) for each line transect. Average population density 
(+SE) was calculated from the activity peaks (the highest 
number of lizards registered on the transect during the whole- 
day registrations). Although the distance sampling method 
might underestimate actual population density (Smolensky & 





Figure 4 Typical landscapes inhabited by D. valentini 


High-elevation meadows with stony outcrops in Mets Sepasar (A) and Kuchak (B). Steep cliffs in the Akhuryan River valley in the Mets Sepasar 


area (C). 


Table1 Data for population density and structure estimation 


Area Mets Sepasar (Allopatric) ^ Mets Sepasar (Sympatric)  Kuchak (Sympatric) 





Survey dates 


N (D. valentinilD. spp) id 
ki 804 
Ka 800 
Lay 13 600 
: 10 

M 0.779 


20., 21., 29. 05. 2016, 
01., 14. 06. 2016 


14. 06. 2016 17., 18., 23. 06. 2013 
320/98 15/783 

174 567 

1 000 1 000 

11 000 19 000 

10 10 

0.318 0.253 


N, Number of detected adult individuals; Ny; Number of detected young animals, /: Transect length, L: Total length of all transects, w: Transect 


width, Pa: Probability of underestimated individuals. 


Fitzgerald, 2010), it is important for describing seasonal and 
daily activity both in terms of age and sex structure of the 
population. A similar method has been used in previous 
studies on Darevskia (Galoyan, 2010; Tsellarius & Tsellarius, 
2001), facilitating comparison with our data. 
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Local population density was also estimated by the capture- 
mark-recapture method (CMR) in the sampling areas in 
Kuchak (3 600 m?) and Mets Sepasar (1 300 m°). Lizards 
were captured and individually marked by amputation of the 
distal phalanx and by two color beads sewn by a nylon line 
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through the skin fold on their back (Fisher & Muth, 1989). The 
latter method allows observing and distinguishing individuals 
from a distance. These two humane methods have no negative 
impact on lizard behavior (Galoyan, 2017; Husak & Fox, 2003; 
Nicholson & Richards, 2011; Tsellarius & Tsellarius, 2001). 

In total, 118 lizards were marked in 2013 in the study area 
near Kuchak village (92 D. armeniaca, six possible D. 
armeniacaxD. valentini hybrids, 11 D. unisexualis, six D. 
unisexualisxD. valentini hybrids, and three D. valentini males) 
and in 2016, 176 lizards were marked within the study area 
near Mets Sepasar (D. valentini, allopatric population). Most 
lizards were marked in the first days after emergence from 
winter shelters, with newcomers marked if they occurred in the 
study area afterwards. For each individual, we measured body 
length with a caliper to an accuracy of 0.5 mm; photographs 
were taken for further identification of the specific coloration 
pattern; for skeletochronological studies, the removed finger 
was measured and dried. To estimate the population density 
in the sampling areas, we used the Petersen-Lincoln index 
(Southwood & Henderson, 2000) using the formula N=Kni/k, 
where N is the number of animals in the population, K is the 
number of animals captured the second time, n is the number 
of animals marked the first time, and k is the number of 
recaptured animals marked. Population density was estimated 
for seven pairs of full observation days (26 May-5 June 2016) 
in Mets Sepasar and for five pairs of full observation days (23 
May-5 June 2016) in Kuchak. 


Age determination 

The lizards oviposit in late June-August (Darevsky, 1967). 
The first wintering of juvenile rock lizards occurs when SVL is 
about 30-40 mm (Arakelyan & Danielyan, 2000; Tsellarius & 
Tsellarius, 2009). This was supported in the present work for 
D. valentini by skeletochronological age estimation for four 
individuals (32-36 mm). The age of young animals (1—3 years 
old) was partly based on SVL measurements; lizards with 
SVL=32.4+0.96 (n=9, May - June) were considered juveniles 
(juv). Subadults (sad) were defined as those lizards which 
survived two and three winters and showed an SVL of up to 
60 mm. Individuals with an SVL higher than 60 mm and which 
survived more than four winters were defined as adults. Age 
estimations of 65 older individuals from Mets Sepasar, 22 from 
Lchashen, 10 from Kuchak, and 15 from Sotk were based on 
the skeletochronological method (Castanet, 1994; Smirina, 
1974). The amputated digits were prepared and analysed 
following standard methods (Galoyan, 2013a; Kurnaz et al., 
2017; Tsellarius & Tsellarius, 2009). The phalanxes were 
decalcified in 596 nitric acid and microscopic sections (10— 
15 um) were prepared on a sledge microtome MC-2. The 
sections were colored by Ehrlich's hematoxylin. 


Space use 

Visual observations of individually marked lizards took place 
from 15 May- 14 June 2014, 13 May- 15 June 2016, and 25 
September 2016 in Mets Sepasar and 21 May-22 July 2013 
in Kuchak. Each sampling area was mapped in detail. Visual 
observations of active lizards were performed between 0800 h 
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and 1800 h on days with favorable weather. Focal observations 
were made from 5-10 m or closer, especially if the lizards 
were habituated to the presence of an observer. The observer 
chose a focal lizard and observed it for 10— 15 min before 
Switching to another individual. Location, contacts, including 
mating and mating attempts, and foraging behavior were 
recorded using a Nikon D600. Total observation time was 30 d 
(143 h) in 2013 in Kuchak and 17 d (49.5 h) in 2014 and 19 d 
(65.5+78.5 h) in 2016 in Mets Sepasar. The position of the 
focal animal was noted each minute and converted into 
location points for range estimation. 

Here, we defined home range as the minimum convex 
polygon (MCP), with the exclusion of occasional sallies 
beyond the home range and characterized by specific 
behavior (Tsellarius & Tsellarius, 2005). Range structure was 
defined for residents by approximately 300 location points, 
which included at least 75% of the range area (Galoyan, 
2013a; 2017). 


Seasonal activity and reproduction cycle 

During the visual observations, we noted and described 
successful copulation and mating attempts. We considered 
the mating season as the period between the first mating 
attempts and the appearance of females with obvious marks 
on their bellies (i.e., jaw bite traces) and last observed mating 
attempts. The oviposition period was defined as the time 
between the appearance of the first and last females who laid 
eggs within the study area. The skin fold along the body flank, 
just after clutching, was used to distinguish oviposited females. 
Fourteen females were caught within one week before egg 
laying and kept in a terrarium. The number of eggs per clutch 
was counted and egg size parameters were measured with a 
caliper. The eggs and females were returned to the population 
after the study. 


Feeding 

We used two methods to estimate prey item composition and 
proportion: visual observations and contents of feces collected 
in the field. The observations were recorded with a camera in 
video mode and prey items were determined from the images. 
The prey items from the feces were determined under a 
binocular after fecal maceration in warm water. In total, 54 
fecal samples, which included 205 prey items, and 32 records 
were analysed. 

We also estimated prey density in the study area. Total 
counts of invertebrates in grass, on substrate surfaces, and in 
shallow surface areas were performed within a random 25 cmx 
25 cm plot (n=19) (Tsellarius & Tsellarius, 2001). The numbers 
of feeding objects were counted on a cold day (19 June) in 
Mets Sepasar, when flying insects were immobile on the 
surface and could easily be detected in the grass. 


Thermal biology 

Body temperature (7,,) was measured from 3-15 June 2016 in 
Mets Sepasar and from 15—20 June 2015 in Kuchak. We 
measured active lizards captured in the field (41 records in 
Mets Sepasar and 23 in Kuchak) by inserting a cloacal 


thermometer (Miller-Weber cloacal thermometer). Subsequently, 
10 females and 10 males from Mets Sepasar were brought to 
the laboratory to estimate the thermal preferences of lizards. 
Lizards were acclimated for 3 d prior to the experiment. In the 
laboratory, we created a thermal gradient ranging from 15-53 °C 
in an indoor 100 cmx50 cmx50 cm glass terrarium by suspending 
light bulbs and ice blocks. Every hour from 0800 h to 2000 h, 
we measured the body temperature of the lizards and ambient 
temperature using a Miller-Weber cloacal thermometer. 


Statistical analyses 

All means are given with standard errors (SE). We used the 
independent sample t-test to compare range areas between 
males and females after applying the Shapiro-Wilk normality 
test for choosing criteria (parametric or nonparametric). We 
used the Wilcoxon test for comparison of the SVL of males 
and females of the same age and body temperature of males 


and females from the same and different populations. 
Spearman rank correlation (Rs) was calculated to estimate the 
correlation between age and SVL of lizards, body temperatures 
and ambient temperatures, and body temperatures and 
substrate temperatures. 


RESULTS 


Population density 

The average population density of the Valentin's lizard varied 
in different locations from 3 to 66 ind./ha (DSM census). Local 
density within a sample site (CMR census) reached up to 400 
ind./ha (Table 2). This number was comparable with the 
population density of parthenogenetic species in Kuchak (D. 
armeniaca and D. unisexualis and their hybrids with D. 
valentini), where Valentin's lizard coexists. 


Table 2 Average (t SE) population density of adult lizards, calculated by the distance-sampling method (DSM), on the line transects at 


activity peaks in three populations 





Elevation (m) Biotope D. valentini (ind./ha) D. spp. (ind./ha) 
Method DSM CMR DSM CMR 
Mets Sepasar (Allopatric) 2 030 Meadow 25.71.60 433.9428.40 - = 
Mets Sepasar (Sympatric, Akhuryan gorge) 2030 Gorge, river valley 66.0+6.55 No data 18.9+1.57 No data 
Kuchak (Sympatric) 1 900 Meadow 3.0x0.99 5.640.79 159.646.06 194.4+7.04 


Mets Sepasar allopatric; Mets Sepasar sympatric; Kuchak sympatric: (L=4 800, 3 000, 4 000 m; N=192, 162, 329 ind.; Pa=0.779, 0.318, 0.253, 
respectively, where L: total route distance on the transects; N: number of detected animals; Pa: “average” detectability of animals on route). Local 
average (+SE) population density at studied settlements determined by capture-mark-recapture method (CMR) in two locations: Mets Sepasar (A= 


1 300 m?) allopatric and Kuchak (A=3 600 m?) sympatric. A: Correspondingly, where A is the sampling area. —: Not available. 


The ratio of D. valentini to other species of rock lizards 
differed among sites (Tables 2, 3). For instance, D. valentini 
was twice as common as D. armeniaca in the Akhuryan River 
gorge, although in the Kuchak population, individuals in the 
biparental species were extremely scarce (Tables 2, 3). 


Population structure 

The male/female proportion in D. valentini was close to 1:2 in 
the allopatric population and about 1:1 in the sympatric 
population in Mets Sepasar. If we included the parthenogenetic 


D. armeniaca, the male to female proportion was the same 
(Table 3). The sex ratio was dramatically biased in Kuchak, 
where the number of D. valentini females was five times lower 
than that of males, with males compensating for their absence 
by interactions with females of parthenogenetic D. unisexualis 
and D. armeniaca. 

The proportion of adults to juveniles was considerably 
biased to the young in the Mets Sepasar meadow (Table 3) 
and, albeit to a lesser extent, in the Akhuryan River valley and 
the sympatric population in Kuchak. 


Table 3 Proportions of males and females of biparental species D. valentini, parthenogenetic D. armeniaca, and young animals (Sad) on 
the transects on 14 June 2016 in Mets Sepasar and 23 June 2013 in Kuchak 





Transect D. valentini D. valentini D. spp. D. spp. + D. val- Length of route N 

F (%) M (%) Ad (%) entini Sad (%) per transect (m) 
Mets Sepasar allopatric 18.142.21 10.4+1.45 = 71.5+5.19 1 900 16 1 096 
Mets Sepasar sympatric 21.641.92 24.541.56 23.243.27 30.8+4.70 1 000 11 494 
Kuchak sympatric 0.2+0.16 1.0+0.32 58.8£2.15 40.0+2.23 1 900 19 1 369 


n: Number of routes per transect, N: Number of registered lizards. M: Male; F: Female. Ad: Adult; Sad: Subadult. 


Age and body length 
The oldest lizards were one male and one female, which 
survived at least nine winter hibernations. Only a few males 
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that survived more than six winters were found, which 
suggests that, on average, females reach higher ages than 
males (Table 4). 


Zoological Research 40(4): 277-292, 2019 283 


Table 4 Mean (+SE) body length (mm) values of male and female D. valentini from Kuchak, Lchashen, Mets Sepasar, and Sotk; ages 


defined by skeletochronological analysis 











Juv Sad Sad Ad Ad Ad Ad Ad Ad 
1 2 3 4 5 6 7 8 9 
Winter Winters Winters Winters Winters Winters Winters Winters Winters 
M 53.5+0.40 58.241.05 64.4+0.96 66.2+0.56 67.4+0.87 No data 69 68 
F eee 48.6+1.58 58.0+1.76 62.1+1.50 70.2+0.74 71.741.06 73.641.35 No data 76 
N 4 3M+8F 7M+5F 11M+10F 17M+16F 5M+11F OM+9F 1M#0F 1M+ 1F 


N: Number of individuals. M: Males; F: Females. Juv: Juvenile; Sad: Subadult; Ad: Adult. 


The maximum SVL was 79 mm (a female from the Mets 
Sepasar population). The growth rates of males and females 
in Mets Sepasar were almost the same before the fourth 
winter (Wilcoxon test, P>0.05); however, male growth slowed 
after the fifth wintering, whereas females continued to grow 
(Figure 5, Table 4) and became significantly larger than males 
of the same age (Figure 5, W=16, P=0.04 and W=3.5, P=0.03, 
respectively, for five and six winter hibernations). 
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Figure 5 Body lengths and ages of lizards from four populations 
(Mets Sepasar, Sotk, Lchashen, and Kuchak) 
n=112 ind. There was a positive correlation between age and SVL for 
males and females (Rs=0.740, P<0.0001 in males and Rs=0.825, P< 
0.0001 in females). 


Space use 

Lizards were concentrated in areas with stony mounds and 
rocky outcrops on the highland meadows in both Kuchak and 
Mets Sepasar. The highest concentration of lizards was 
observed around winter shelters, where the local density of 
lizards (CMR) was significantly higher in the observation areas 
compared to the average density on the transect at the same 
area (Table 2). 

Not all lizards observed within the survey areas lived 
continuously within the same range. The number of residential 
individuals (observed during the entire observation period) in 
the Mets Sepasar allopatric population was 32 (1996 of all 
captured animals in 2016). Among the 148 lizards captured in 


284  www.zoores.ac.cn 


Kuchak in 2013, only three residential D. valentini males (296) 
were observed. 

The home ranges of Valentin's lizards consisted of stony 
mounds and solitary stones, which were used as shelters and 
basking sites. Two types of individual home ranges were 
detected: monolite (basking sites close to each other and 
connected by permanent routes, one core area) and 
fragmented (basking sites far from each other and not 
connected by permanent routes, more than one core area). 
Residential individuals could use both of types of home 
ranges. Fragmented home ranges (121.1+12.38 m?) were 
larger for males than monolite home ranges (46.6+5.56 m?) (t= 
5.49; P=0.0003, n,=8, n,=17), and male monolite home 
ranges were larger than that of females (22.1+4.56 m?) (t= 
3.41, P=3.4074; P=0.002; n,=17, n,214). Several females 
jointly used an area and often basked on the same stones 
simultaneously, sometimes with one male. Males were 
aggressive towards each other; however, their ranges could 
also overlap. Some males seemed to have harems comprising 
residential and switching females. Males in the Kuchak 
population also had social and sexual interactions with D. 
armeniaca and D. unisexualis females. 


Seasonal and daily activity 

Emergence of D. valentini in the area of Mets Sepasar after 
winter hibernation was observed from 15 May in 2014 and 
from 12 May in 2016. Spring activity in the morning started at 
about 1000 h, when the ambient temperature reached 10 °C 
and the shelter temperature was 7 °C. The sex ratio just after 
leaving the winter shelters was 1:1. Due to permanent rains 
and cloudy weather in May in Kuchak, mass emergence from 
the winter shelter in 2013 appeared on 21 and 22 May, when 
ambient air temperature was 11 °C, whereas in 2016, the first 
appearance of lizards was detected on 20 April, with massive 
emergence in the first days of May. 

Lizard activity in late May and June showed two peaks 
(morning and evening) (Figure 6). Due to the low ambient 
temperatures, lizards basked and spent more time on the 
surface and were thus more visible in May than in the 
summertime; hence, the maximum number of lizards per one 
route on the transect on the transect was higher. 

In late May to early July, air temperatures increased, and 
daily activity started at 0800 h, though some individuals could 
be observed as early as 0700 h (Figures 5; 6A, B). In spring, 
lizards entered shelters at about 1700 h, whereas in mid- 
summer, they entered shelters between 1900 h to 2000 h. On 
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Figure 6 Number of observed adult lizards on the transect in Mets Sepasar on the high-elevation meadow in 2016 
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Figure 7 Daily activity of D. valentini in Mets Sepasar on the high-elevation meadow (A) and Akhuryan River valley (B) on 14 June 2016 
Juveniles and subadults of these two species look similar from a distance and were therefore combined. 


25 September 2016, lizards were still recorded on the surface 
and were mainly found basking near their winter shelters. 


Reproductive cycles and intersexual behavior 
The mating period of D. valentini started just after leaving the 
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hibernation shelters at the beginning of April and lasted until 
early June. We recorded three mating attempts in 2014 
between 19 and 31 May and 10 mating attempts between 19 
and 27 May in 2016 in the Mets Sepasar population. In the 
Kuchak population, with the low density of female D. valentini, 
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we observed 11 mating attempts of D. valentini males with 
parthenogenetic females of D. armeniaca and D. unisexualis 
from 21 May to 9 June 2013. 

During the mating period, the male and female often basked 
together, with physical contact: i. e., a male could lay on a 
female or vice versa, and they often crawled over each other 
(Figure 8A). This kind of behavior was considered as social 
(affiliative). Males could switch from this activity to sexual 
behavior. We also observed other types of sexual behavior, 
including a male chasing a female and attempting to mate 


without preliminary social contact (sexual aggression). During 
coitus, the male took the female's lateral fold in his jaws and 
coiled over her, restraining the female by hugging her in the 
crest area via his hind limbs (Figure 8B). The intraspecies 
coitus lasted on average 19.9#3.33 min (n=7), with a maximum 
duration of 37 min. Mating attempts, even unsuccessful ones, 
resulted in jaw-prints on the flanks of the female. These marks 
were used as an indicator of such an attempt but did not 
necessarily indicate successful mating. Larger females with a 
SVL » 65 mm mated earlier than smaller individuals. 
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Figure 8 Joint basking (A) of male N149 and female N140 in 2016; mating (B) of male N8 and female N13 in 2014 


Females oviposited from 14 to 29 June 2016 (n=10) in the 
Mets Sepasar population. Pregnancy in Valentin's lizard lasted 
45-50 d. Not all adult females laid eggs: three (SVL=65, 67, 
and 70 mm) were observed to mate within the study area in 
the Mets Sepasar population, but did not oviposit. The 
average number of eggs per clutch in adult females older than 


PW 
a MG 


three years and larger than 60 mm of SVL was 6.0+0.50 (n= 
26). The maximum number of eggs per clutch was greater 
in larger and older females, but this number was not 
strongly correlated with the SVL of females (Rs=0.43, P= 
0.027, n=26), (Table 5). Mean egg size was 14.8+0.23 mmx 
8.140.13 mm (n=33). 


Table 5 Snout-vent length (SVL) and number of eggs per clutch of Valentin’s lizards from the Mets Sepasar population 





Age 3 4 5 6 >7 
SVL (mm) 57.5 63.042.73 70.6£1.01 72.441.73 73, T1 
Number of eggs per clutch 2 5.5+1.04 6.140.64 7.842.17 6,2 
Number of females 1 4 8 4 2 


Age was estimated via the skeletochronological method. 


Feeding 

While Valentin’s rock lizards are primarily insectivores, we did 
observe consumption of a small amount of vegetation (e. g., 
plants, flowers) in the current study (Figures 9, 10). The 
abundance of possible prey was relatively high in the Mets 
Sepasar population (mean number of feeding objects 4.5+ 
0.69, n=18 samples of 25 cmx25 cm frames). According to the 
feeding objects found in feces, D. valentini mainly fed on 
beetles (Coleoptera). Direct observations indicated that flies 
(Diptera) were also a favorable food, which they hunted from 
the stems of plants or in flight (Figure 10), with Hymenoptera, 
Lepidoptera, and Aranea consumed rarely. During our 
observations, two cases of infanticide were observed (one 
male and one female ate a juvenile). We also recorded 
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remains of juveniles in feces (Figures 8, 9). 

The lizards rarely actively searched for prey outside their 
main activity areas. Most often, they preyed within and near 
basking sites or on the move (during cruising foraging, sensu 
Regal, 1983). We recorded hunting behaviour (e.g., chasing 
and ambushing) exhibited in adults preying on juveniles. 


Thermal biology 

No significant differences between the body temperatures of 
adult lizards (within and between sexes) were revealed in the 
Kuchak and Mets Sepasar populations during the study 
periods (Wilcoxon test, P>0.05), although substrate 
temperatures were higher in the Mets Sepasar allopatric 
population (Table 6). 
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Figure 10 Feeding observations of the Valentin's rock lizards 
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A: Adult female eating a juvenile; B: Subadult eating forget-me-not”: C: Female catching a locust. 


Table 6 Average (£SE) body temperature (T,) of active adult male and female D. valentini from Kuchak and Mets Sepasar, determined via 


a thermo-gradient apparatus 





Male T, (°C) Female T, (°C) Substrate T (°C) Ambient T (°C) 
Kuchak 31.840.44 (n=19) 32.740.76 (n=4) 27.61.00 26.741.09 
Mets Sepasar 31.740.90 (n=8) 32.340.53 (n=21) 32.01.23 23.040.56 
Thermal gradient apparatus 31.5x0.39 (n=10) 31.840.59 (n=9) 32.4x0.60 32.4+0.60 
n: Number of individuals. 
Body temperatures of adult lizards that had just left their temperature. 


shelters were almost the same as the ambient temperatures 
at the capture site (7,=28.543.07 °C and Tair=25.3+2.18 °C, 
n=4, respectively). Hence, basking is an obligate activity for 
Valentin’s lizards, enabling them to reach higher temperatures 
to perform activities (7,,=31—32 °C, Table 6). Lizards came out 
of their shelters and flattened themselves on a stone, 
exposing the maximum amount of their body surface to the 
sun. They could also obtain heat from the stones when the 
sun disappeared behind clouds. Thus, lizards managed to 
maintain a high body temperature even when air temperatures 
were 14—16 °C or less. Lizards switched to shuttling behavior 
(Spellerberg, 1972) during hot days and moved from the 
shade to sunny spots to maintain stable temperatures. Activity 
decreased with increasing temperatures in July; lizards were 
almost absent on the surface after 1400 h when the substrate 
temperature approached 30 °C (Figure 11). 

Unlike females, males demonstrated no correlation between 
substrate temperature and body temperature (Figure 11). This 
was also the case for ambient temperature and body 
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We found no difference between the body temperatures of 
active male and female Valentin’s lizards measured in nature 
and in the thermogradient apparatus (Wilcoxon test, P>0.05). 
Several females of parthenogenetic D. armeniaca and 
gonochoristic D. valentini preferred slightly higher ambient 
and substrate temperatures in the thermogradient apparatus 
than males of D. valentini (Figure 12), although no significant 
differences were revealed between females of these two 
species or between females and males of Valentin’s lizard 
(Wilcoxon test, P>0.05, Figure 12). 


DISCUSSION 


The population density of D. valentini varied greatly from 
relatively low (1—2 ind./ha) to several hundred ind./ha, which 
exceeded the density of other biparental species such as D. 
brauneri (25 ind./ha, DSM, Tsellarius & Tsellarius, 2001) and 
D. portschinskii (5—6 ind./ha, DSM, Galoyan, 2010; Trofimov, 
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Figure 11 Lizard body, substrate and ambient temperatures 

A: Measurements of body temperature of male and female D. valentini 
from Sepasar and Kuchak (n=25F+27M). There was a positive 
correlation between female body temperature and substrate 
temperature (Rs=0.644, P=0.002), but not between male body 
temperature and substrate temperature (Rs=—0.0256, P=0.90. B: No 
relationship was found between body temperature and ambient 
temperature (Males: Rs=0.0778, P=0.70; Females: Rs=0.1208, P= 
0.38). 
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Figure 12 Mean (*SE) body and preferred ambient temperature of 
female parthenogenetic D. armeniaca (n=10), female D. valentini (n 
79), and male D. valentini (n210) from Mets Sepasar 

Each individual was measured 12 times throughout the day. 


1981) (Table 2). Populations of parthenogenetic species D. 
armeniaca and D. unisexualis have also been reported to 
reach high densities (100—300 ind./ha, DSM, Galoyan, 2010; 
Tarkhnishvili et al., 2010; Trofimov, 1981; CMR, Danielyan, 
1971). The possible explanation for the relatively high 
population density of D. valentini could be joint space use, as 
observed in parthenogenetic rock lizards (Galoyan, 2013b; 
Trofimov, 1981). The high population density with a high 
proportion of juveniles indicated good breeding and feeding 
conditions in Mets Sepasar. However, such a high population 
density may also have disadvantages. We suggest that the 
considerable number of lizards in a relatively small area may 
be why some females did not lay eggs, even after mating. 
Pregnancy termination, known as the Bruce effects, has been 
described in rodents (Blumstein, 2000) and may also occur in 
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rock lizards. Another consequence of the large number of 
animals and high proportion of juveniles was infant cannibalism 
(Figures 9, 10). Infanticide has been observed for a variety of 
reptilian taxa (Ataev, 1985; Bogdanov, 1965; Jenssen et al., 
1989), including rock lizards (Tsellarius et al., 2008). In some 
reptiles, eating unrelated juveniles of the same species may 
increase parental protection and may even be a possible 
reason for social evolution towards nuclear family formation 
(O' Connor & Shine, 2004). There are no studies devoted to 
this phenomenon in reptiles; however, a long-term study on 
barn swallows (Hirundo rustica) demonstrated decreased 
infanticide in a decreasing population (Meller, 2004). 

Interspecies competition for resources can decrease the 
population size of competitors (MacArthur, 1958; Pianka, 
1973; Schoener, 1971). Due to a faster reproduction rate, 
parthenogenetic species of rock lizards are likely better 
competitors, which should outrange related biparental species 
in overlapping areas in number (Tarkhnishvili et al., 2010). In 
some sympatric populations, the number of parthenogenetic 
rock lizards far exceeds the number of biparental relatives, as 
observed in Kuchak (Danielyan et al., 2008; unpublished 
data). However, this was not the rule in our study: the ratio of 
parthenogenetic and biparental species in the Akhuryan River 
valley was about 1:2, whereas the ratio of parthenogenetic 
Armenian lizards to female Valentin's lizards was 1:1 (Table 
3). In Sotk and Lchashen, D. valentini was also a common 
species (Figure 2). In our surveys on 23 June 2010 and 1 July 
2010 in Sotk, we detected 19 adult D. valentini among 27 
captured lizards of other rock lizards, whereas in Lchashen, 
we observed 24 Valentin's lizards among 32 other individuals 
of the genus Darevskia. The deprivation of females belonging 
to biparental species in Kuchak may lead to regular 
hybridization between male Valentin' s lizards and 
parthenogens, whose proportions have exceeded 5096 in 
some years (Arakelyan et al., 2011; Danielyan et al., 2008). 
No D. armeniacaxD. valentini hybrids were observed in the 
Akhuryan River gorge, and they were also extremely rare in 
Lchashen. Contrary to the Mets Sepasar population, for which 
a high density of females and males of D. valentini was 
described, in the Kuchak population, we revealed other 
interactions and social behaviors between D. valentini males 
and other parthenogenetic lizards (D. armeniaca and D. 
unisexualis) as a result of a deficit in females of their own 
species. Therefore, the three different species in Kuchak 
function as single population, where males are represented by 
D. valentini and females are represented by parthenogenetic 
species D. armeniaca and D. unisexualis. Moreover, in the 
Akhurian population where D. valentini coexisted with only 
one parthenogenetic species, we did not detect any 
interspecific hybrids, which is evidence that Valentin's males 
in an area with a high density of females of their own species 
do not mate with other females of another species. 

The estimated home range size of the Valentin's rock lizard 
was comparable with the home range size in other species of 
rock lizards (Galoyan, 2013a; Tsellarius & Tsellarius, 2005). As 
in other saurian species, the home range of males was larger 
than that of females (Perry & Garland, 2002). The average 


home range of residential individuals was only about 20-40 m?, 
though some males had very large ranges (more than 100 m?). 
We suggest that females aggregating around small areas 
filled with stones, where they can find shelters and suitable 
basking sites, may explain the relatively small individual areas 
in males. Hence, males concentrated around these areas to 
maintain close proximity to females. This hypothesis should 
be further evaluated, although it might be supported by the 
knowledge that space use in females is more dependent on 
resource availability and distribution, whereas the behavior of 
males is more ‘female-orientated’ (Baird et al., 2003; Davies, 
1992; Stamps, 1977; Tsellarius et al., 2017). Hence, small and 
overlapping home ranges favor high population densities and 
facilitate joint basking. 

The Valentin's rock lizard is characterized by unique 
morphological and ecological adaptations to extreme habitats 
on high elevations. It was active at low ambient temperatures 
(Figure 11) and had a relatively large body size in comparison 
with that of other species of rock lizards. The female-biased 
sexual size dimorphism has been reported previously 
(Arakelyan, 2002; Darevsky, 1967) and is supported by our 
data. Unlike in other small lacertids with a similar lifespan 
where females grow faster (Kolarov et al., 2010), the growth 
trajectory in male and female Valentin's lizard before the 
fourth winter was similar; however, after this, only females 
continued to grow (Figure 8; Kurnaz et al, 2017). The 
maximum body length for females was 79 mm, which is larger 
than that recorded for D. valentini from the highland 
population in Balahor (Turkey, 2 400 m a.s.l.) (Kurnaz et al., 
2017). The body size of female Valentin's lizard is close to the 
upper limits reported for rock lizards. Only triploid hybrids 
between parthenogenetic and biparental species exceeds 80 
mm in body length (Arakelyan, 2002). 

Valentin's lizards occupy areas with stable cold climates, 
where minus temperatures are common from December to 
March and cold nights are customary from October to April 
(Figure 2). Larger body size of species living in cold climates 
has been described for lizards, although it is not a steadfast 
rule (Pincheira-Donoso et al, 2008) and the weight/SVL 
proportion does not appear to be affected by mean 
environmental temperatures (Meiri, 2010). Smaller species of 
rock lizards (e.g., D. caucasica) are also known to exist at 
such elevations. Such lizards generally shelter within narrow 
crevices between rocks, deep enough to maintain stable 
positive temperatures (Darevsky, 1967); however, such 
shelters are too small for larger individuals, who are thus more 
likely to die during cold winters. This might be a possible 
explanation for the arrested growth in the studied species. 
Arrested growth also affects the results of skeletochronological 
study and reduces maximal age of the animals due to 
absence of new marks of growth. That is why previous studies 
suggest a lifespan of seven years for this species, as estimated 
by skeletochronology (Arakelyan, 2002). The average 
lifespan of biparental and parthenogenetic rock lizards has 
been estimated at five to six years (Arakelyan & Danielyan, 
2000). Our observations support this suggestion, although a 
prolonged lifespan of nine years is possible for D. valentini 
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from Turkey (Kurnaz et al., 2017) and parthenogenetic D. 
armeniaca (Galoyan, 2013a). Still, the only way of 
evaluating the actual lifespan of long-lived reptiles is via 
prolonged visual observations. According to Tsellarius & 
Tsellarius (2009), the lifespan of Brauner’s rock lizard is 14 
years and might differ between residential and non- 
residential as well as territorial and wandering animals. Our 
observations suggest that male Valentin s lizards have a 
shorter life span than that of females (Figure 6), although 
this should be clarified in future studies. 

The reproductive period differs among species of rock 
lizards (Darevsky, 1967). We observed first matings in 
Valentin' s rock lizard just after emergence from winter 
hibernation shelters in mid-May. Some other species (D. 
brauneri) start mating after two or three weeks of activity 
(Tsellarius & Tsellarius, 2001). The gonadal ripening and 
mating period in D. raddei nairensis in Lchashen occur one 
month later than that in D. valentini in the same locality 
(Danielyan, 1965). Our observations indicate that D. 
portschinskii, which occurs on the steppes at lower elevations 
of 1 500 m a.s.l. (Arakelyan et al., 2011), started to reproduce 
in early spring (May) within a short time after emergence, 
unlike D. raddei with which it coexists (own observations). 
Early reproduction might be an adaptation to harsh conditions 
at high elevations, but this suggestion should be tested 
among different species. 

According to our findings and those of Darevsky (1967), 
female Valentin's lizards have, on average, five to six eggs per 
clutch (Table 6; Darevsky, 1967), reaching, according to our 
data, up to 12 eggs. Egg size in Valentin's lizard was larger 
than that in most related species at 14-15 mmx8-9 mm 
(Darevsky, 1967; unpublished data), although smaller than 
that in D. zchzerbaki and D. rudis macromaculata (Table 36 in 
Darevsky, 1967), which are not high-elevation species. Hence, 
egg size can’t be the obvious adaptation for the living at the 
high elevation conditions as well. 

The high abundance of diverse prey in the meadows 
(unpublished data) is comparable with that in deciduous 
forests (Tsellarius & Tsellarius, 2001). The high taxonomic 
variety of prey items indicated diverse foraging tactics (Figure 
9). Valentin's lizards are active foragers, mostly searching for 
prey in a cruising foraging mode: animals catch prey in the 
basking area or on the move. Flies of the Bombyliidae and 
Sarcophagidae families were common prey items, which were 
caught in mid-jump from stems or even directly in flight. 
Hunting juveniles also requires good reactions. The high 
proportion of immobile objects in their diets, such as larvae, 
further demonstrated that Valentin's rock lizards are good 
searchers and would often find such prey under stones and in 
the grass. Hence, this species is a universal forager with a 
great variety of prey items and searching strategies. 

Different species or unisexual and biparental rock lizards 
demonstrate a similar preferred body temperature of about 
31-32°C, although they inhabit biotopes with different 
temperature and light conditions: e. g., dense deciduous 
forests or highland meadows (Galoyan, 2010; Tsellarius & 
Tsellarius, 2001; Table 6). Primarily, Valentin’s lizards 
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achieved their relatively high body temperature by basking, a 
common behavior for poikilothermic reptiles (Pianka & Vitt, 
2003) and especially relevant in the cold climate highlands. 
Such conditions explain their late emergence (1000-1100 h) 
and mid-day activity peak in spring. The breeding season 
coincidences with this period, with males then able to find 
females above the surface for mating and communication. 
This became almost impossible when temperatures increased 
in mid-summer (Figures 5, 6). Besides direct basking, 
Valentin’s rock lizards also use the heat from stones and 
aggregate together on the stony mounds in joint basking, 
often with physical contact. Several females of D. valentini 
cooperated in such a joint basking. A single male could join 
them, however, two and more males were never observed to 
bask close to each other. Such joint basking might help 
increase body temperatures in cold climates. Because the 
relatively small and compact home ranges often overlapped, 
the basking areas of individuals also often coincided. 

Although we found no differences in body temperatures 
between males and females, the latter were more dependent 
on substrate temperature (Figure 11). This may be explained 
by lower activity (also indicated by smaller range sizes) in 
females. As prey items were abundant around basking sites, 
the main reason for male activity was mate searching and 
guarding, and they could achieve high body temperatures by 
metabolic heat from muscles during movement. 
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ABSTRACT 


Divergence of gene expression and alternative 
splicing is a crucial driving force in the evolution of 
species; to date, however the molecular mechanism 
remains unclear. Hybrids of closely related species 
provide a suitable model to analyze allele-specific 
expression (ASE) and allele-specific alternative 
splicing (ASS). Analysis of ASE and ASS can 
uncover the differences in cis-regulatory elements 
between closely related species, while eliminating 
interference of trans-regulatory elements. Here, we 
provide a detailed characterization of ASE and ASS 
from 19 and 10 transcriptome datasets across five 
tissues from reciprocal-cross hybrids of horsex 
donkey (mule/hinny) and  cattlexyak (dzo), 
respectively. Results showed that 4.8% — 8.796 and 
10.896—16.796 of genes exhibited ASE and ASS, 
respectively. Notably, IncRNAs and pseudogenes 
were more likely to show ASE than protein-coding 
genes. In addition, genes showing ASE and ASS in 
mule/hinny were found to be involved in the 
regulation of muscle strength, whereas those of dzo 
were involved in high-altitude adaptation. In 
conclusion, our study demonstrated that exploration 
of genes showing ASE and ASS in hybrids of closely 
related species is feasible for species evolution 
research. 


Keywords: Allele-specific alternative splicing; Allele- 
specific expression; Cis-regulatory elements; Hybrid 
species 
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INTRODUCTION 


The accumulation of genetic variations in a genome sequence 
results in phenotypic diversity and adaptive evolution, with the 
majority of genetic variations functioning in gene expression 
regulation (Keane et al., 2011; Kwan et al., 2008). Therefore, 
identification of changes in the gene expression profiles, 
including expression levels and alternative splicing, between 
closely related species (e.g., horse and donkey, cattle and 
yak) could help clarify the genetic basis of species adaptive 
evolution. However, it is widely accepted that environmental 
factors can also affect gene expression (Forrest et al., 2014; 
Prabhakar et al., 2008; Villar et al., 2015), which can hinder 
comparisons of gene expression profiles between species 
(Brown et al., 2014). 

Hybrids of closely related species provide a good model for 
interspecific comparisons of gene expression profiles at the 
allelic level (Tirosh et al., 2009). The relative expression 
profiles of two alleles of a heterozygous variant can be 
assessed by allele-specific expression (ASE) and allele- 
specific splicing (ASS). To date, most studies on ASE and 
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ASS genes have been primarily identified in model organisms, 
such as the mouse (Eckersley-Maslin & Spector, 2014; Pinter 
et al., 2015; Wood et al., 2015). Crowley et al. (2015) used 
highly divergent mouse crosses to analyze ASE and found 
that more than 80% of genes exhibited cis-regulatory 
variation, thus suggesting that pervasive gene expression 
regulatory variation can influence complex genetic traits and 
thereby contributed to the adaptive evolution of mice. In 
addition, ASS has also been identified using hybrids of 
divergent C57BL/6J and SPRET/EiJ mouse strains, which 
showed that cis-regulatory changes resulted in alternative 
splicing in the evolution of mice (Gao et al., 2015). In the 
current study, we expanded ASE and ASS research to large 
mammals (horsexdonkey and cattlexyak hybrids) and 
explored changes in gene expression in regard to adaptive 
evolution. 

Horse (Equus caballus) and donkeys (Equus asinus) are 
domesticated members of Equus that diverged approximately 
4.0—4.5 million years ago (Orlando et al., 2013). The main 
difference between these species is in muscle strength, with 
horses exhibiting greater initial power over short distances 
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Figure 1 Pipeline for ASE and ASS analysis 


and donkeys showing greater stamina over longer distances. 
Cattle (Bos taurus) and yaks (Bos grunniens) are members of 
the bovine family and diverged approximately 4.9 million years 
ago (Qiu et al., 2012) The most remarkable difference 
between these species is the ability of yaks to adapt to high- 
altitude environments. However, the molecular bases of the 
adaptive evolution between the above closely related species 
remain unclear. 

In this study, we used reciprocal-cross hybrids of horsex 
donkey and cattlexyak to calculate ASE and imprinting genes 
and to explore the evolution of cis-regulatory gene expression 
and alternative splicing (Figure 1). In addition, to elucidate 
fixed expression changes between closely related species, 
those genes showing ASE in all biological replicates were 
retained and individually specific ASE genes were filtered. Our 
results demonstrated that both gene expression and 
alternative splicing contributed to the divergence between 
closely related species. Furthermore, genes showing ASE and 
ASS participated in the regulation of phenotype differences, 
including muscle strength in mule/hinny and high-altitude 
adaptation in dzo. 
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Resequencing data were mapped to the genome using BWA. Divergent site calling was then performed by GATK. The pseudogenome was 
constructed. Divergent sites were filtered by RNA-seq data and used to calculate ASE. Hybrid transcriptomes were divided into two genetic allelic 
samples using fixed divergent sites. Separated genetic allelic samples were used to calculate ASS. rMATS: Replicate multivariate analysis of 


transcript splicing. Ref: Reference allele; Alt: Alternative allele. 


MATERIALS AND METHODS 


Samples 
Samples from hybrids of horse and donkey (10-year-old 
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mules/hinnies) were obtained from Yulin City, Shaanxi 
Province (see Supplementary Table S1 for detailed sample 
information). Samples from hybrids of cattle and yak (two- to 
five-year-old dzos) were obtained from Xining City, Qinghai 


Province (ear tissue) and Diqing City, Yunnan Province (liver 
tissue) (see Supplementary Table S2 for detailed sample 
information). The skin (back of neck, n=7, three mule and 
four hinny samples), brain (prefrontal lobe, n=5, three mule 
and two hinny samples), muscle (semitendinosus muscle, n= 
7, three mule and four hinny samples), liver (n=4, three true 
and one false dzo samples), and ear (n=6, two true and 
four false dzo samples) were dissected and rinsed with 
PBS. In addition, two skin, two brain, and two muscle tissue 
samples from donkeys, two liver and four ear tissue 
samples from cattle, and three liver and two ear tissue 
samples from yaks were also dissected for RNA sequencing 
(RNA-seq) (Figure 2D, E). The samples were frozen in liquid 
nitrogen and stored at — 80 °C freezer until required. The 
study was approved by the Institutional Animal Care and 
Use Committee of Northwest A&F University (Permit 
Number: NWAFAC1019). 


RNA-seq library construction and sequencing 

Total RNA from the frozen samples was extracted using 
TRIzol reagent (Invitrogen, USA) following the protocols 
stated by the manufacturer. Genomic DNA contamination was 
first removed using RNA-free DNase I, and RNA integrity and 
quality were then analyzed using a bioanalyzer (Agilent, 
USA). The RNA integrity threshold was RIN26.8. The PolyA(+) 
RNA-seq libraries were constructed using a NEBNext® Ultra™ 
RNA Library Prep Kit for Illumina® (NEB, USA) according to 
the manufacturer's recommendations. The resulting cDNA 
was first cleaved into 300 — 500 bp fragments to construct 
libraries according to the manufacturer’ s instructions, with the 
libraries then sequenced using the Illumina HiSeq 2000/2500 
platform (USA). As a result, we obtained an average of 20 
million 100-125 bp paired reads per sample (Supplementary 
Table S1, S2). 


Trimming and alignment of RNA reads 

The RNA-seq raw reads were cleaned, and the adapter 
sequences were trimmed using Trimmomatic (v0.33) (Bolger 
et al., 2014). Reads longer than 70 bp were retained as high- 
quality clean data. The purified reads acquired from the mule/ 
hinny samples were aligned to the horse reference genome 
(Equus caballus EquCab2.0) and the donkey pseudogenome 
using HISAT2 (v2.0.3) (Kim et al., 2015). We constructed 
pseudogenomes by replacing the divergent sites without 
changing the genome coordinates using the method 
described by Wang et al. (2013). Because the genome and 
pseudogenome had the same genome coordinates, their 
mapping results were merged to eliminate mapping bias. 
Similarly, the purified reads acquired from the dzo samples 
were aligned to the cattle reference genome (Bos taurus 
Bos taurus UMD 3.1.1) and yak pseudogenome. To improve 
the mapping ratio, unmapped reads were extracted and 
further aligned to the corresponding genome using TopHat2 
(v2.1.1) (Trapnell et al., 2009) with at most five tolerated 
mismatches. Reads uniquely mapped to both the genome and 
pseudogenome were merged for further analysis. 


Identification of fixed divergent sites and pseudogenome 
construction 

Orlando et al. (2013) identified 22.6 million divergent sites 
between horses and donkeys (homozygous in both horse and 
donkey but different between horse and donkey). Divergent 
sites between cattle and yak were obtained through de novo 
calling. In brief, resequencing data previously obtained from 
six yaks (97.4G) (Qiu et al., 2012) were downloaded from the 
National Center for Biotechnology Information database 
(NCBI accession Nos.:  SRR1047220,  SRR1047221, 
SRR962824, SRR962825, SRR962826, and SRR962827) 
and mapped to the cattle genome using Burrows-Wheeler 
Alignment (BWA) (v0.7.10-r789) (Li & Durbin, 2009). Divergent 
site calling was then performed using the Genome Analysis 
ToolKit (GATK) (v3.2-2), and low-quality sites were filtered 
using QUAL<30.0 as a cutoff. We filtered heterozygote sites in 
the cattle or yak that diverged approximately 4.9 million years 
ago. Multiple allelic sites, including GA and GT, were also 
filtered to avoid inaccuracy. Finally, 20.8 million divergent sites 
between cattle and yak were used for analysis (Figure 1). We 
mapped the RNA-seq reads to the pseudogenome because 
mapping RNA-seq reads from hybrids to only the reference 
genome using the same cut-off for both reads (read arising 
from the reference and that from alternative alleles) can 
create genome mapping bias toward the reference allele. To 
avoid mapping bias in the hybrid transcriptome, the donkey 
pseudogenome was constructed by replacing the horse 
genome divergent sites with donkey sites using the method 
described by Wang et al. (2013). In brief, the donkey 
pseudogenome was constructed by incorporating the single 
nucleotide variants (SNVs) into the horse genome using the 
vcf2diploid tool (v0.2.6) in the AlleleSeq pipeline. We selected 
three horse, three donkey, and three hybrid transcriptomes, 
which were then mapped to the horse and donkey as well as 
the donkey pseudogenome to evaluate the mapping rate. 
Results showed that our method avoided mapping bias 
(Supplementary Table S3). The yak pseudogenome was 
constructed using the same approach. In addition, the 
divergent sites in the exonic region were further filtered 
through the cattle and yak RNA-seq data (two liver and four 
ear samples from cattle, two liver and two ear samples from 
yaks), and the divergent sites between horses and donkeys 
were similarly filtered using two brain, two muscle, and two 
skin tissue samples from donkeys and three pooled tissue 
samples from horses (accession numbers: ERR593552, 
ERR593553, and ERR593554). In addition, 647 247 and 512 
588 fixed divergent sites (FDSs) located in the exonic region 
were used to identify the genes showing ASE and ASS of 
mule/hinny and dzo, respectively. 


Assignment of genetic origin of reads uniquely mapped 
to hybrid transcriptomes 

Reads uniquely mapped to each hybrid transcriptome were 
assigned a genetic allele origin based on the FDSs (Figure 1). 
Using the dzo samples as an example, the number of cattle 
and yak allelic sites in all uniquely mapped paired-end reads 
was calculated. If the paired-end reads contained only cattle 
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Figure 2 Reciprocal-cross hybrid samples to identify ASE 


A: RNA-seq paired-end reads of mule/hinny and donkey were assigned a genetic allele origin. Proportions of the horse and donkey allele origins are 
shown. HS: Hinny skin tissue; HM: Hinny muscle tissue; HB: Hinny brain tissue; MS: Mule skin tissue; MM: Mule muscle tissue; MB: Mule brain 
tissue; DS: Donkey skin tissue; DM: Donkey muscle tissue; DB: Donkey brain tissue. B: RNA-seq reads of cattle, yak, and dzo were assigned a 
genetic allele origin. Proportions of cattle and yak allele origin are shown. CE: Cattle ear tissue; CL: Cattle liver tissue; DE: Dzo ear tissue; DL: Dzo 
liver tissue; YE: Yak ear tissue; YL: Yak liver tissue. C: Mock hybrid transcriptomes were assigned a genetic allele origin. MF: Mock hybrids. 
D: Sample and diallel crossing scheme of horse and donkey, mule (female horsexmale donkey), and hinny (male horsexfemale donkey). E: Sample 
and diallel crossing scheme of cattle and yak, true dzo (male cattlexfemale yak), and false dzo (female cattlexmale yak). F: Distribution of skew (R) 
values (where read ratio R=(horse-donkey)/(horse+donkey)) from -1 to 1 for genes showing ASE (yellow, blue) and imprinting genes (red, green) in 
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mule and hinny brain tissues. G: Distribution of skew (R) values in true and false dzo ear tissues (R= (cattle-yak)/(cattle#yak)). 
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or yak allelic sites, they were regarded as being expressed 
from one cattle or yak allele, respectively. The paired-end 
reads containing both cattle and yak allele sites or those 
without FDSs were not included in subsequent analyses 
(Figure 1). Finally, 23%—42% of uniquely mapped reads from 
all hybrid samples were accurately assigned a genetic allele 
origin (Figure 2A, B; Supplementary Table S1, 2). To assess 
the accuracy of this result, mock hybrid transcriptomes were 
constructed by mixing the same amount of reads from cattle 
and yak (50 million). The reads of the mock hybrid 
transcriptomes were precisely assigned using the above- 
described methods (Figure 2C), and the samples of each 
hybrid were divided into two genetic allelic samples for ASS 
analysis. 


Analysis of genetic allele-specific alternative splicing 

The separated genetic allelic samples were used for the 
detection of ASS events (Figure 1). A replicate multivariate 
analysis of transcript splicing (rMATS, v3.2.5) (Shen et al., 
2014) was performed for the identification and comparison of 
gene alternative splicing events, including exon skipping (SE), 
mutually exclusive exons (MXEs), alternative 5' splice sites 
(A5SSs), alternative 3' splice sites (A3SSs), and retained 
introns (Rls). The likelihood-ratio method was used to test the 
significance of rMATS by calculating the P value based on the 
differential y values, also known as "percent spliced-in" (PSI). 
To ensure high-accuracy detection of ASS events, the splicing 
events were supported by at least 100 reads, with rigorous 
statistical criteria (i. e., |Ay| >10% and false discovery rate 
(FDR) <1%) used to quantify the ASS events. 


Analysis of genes showing genetic allele-specific 
expression 

Gene expression levels (fragments per kilobase of transcript 
(FPKMs)) were quantified using StringTie (v1.2.2) coupled 
with the R (v3.5.1) package Ballgown (v2.12.0) based on the 
known set of transcripts: horse, GCF 000002305.2 
EquCab2.0 genomic. gff, cattle, GCF 000003055.6 Bos. 
taurus UMD 3.1.1 genomic. gff (Pertea et al., 2016). Genes 
showing ASE were detected by comparing the read counts of 
two genetic alleles. Analysis of ASE revealed that the paternal 
allele was more highly expressed than the maternal allele, 
indicating male dominance in ASE in certain tissues. Male 
dominance in ASE results from an imprinting effect. In this 
study, we identified genetic ASE in reciprocal cross hybrids to 
exclude the effect of imprinting. To overcome the mapping 
bias of the reads, allelic expression ratios were calculated 
using the average read counts from the pseudogenome and 
reference genome. To improve the accuracy of analysis, the 
allelic expression ratios of each gene were calculated by 
combining all FDSs in the gene. In addition, those genes 
showing ASE were filtered under certain criteria (i.e., at least 
three FDSs in the exonic regions and at least 20 reads, on 
average, in each biological replicate). The resulting genes 
were used for the calculation of allelic expression ratios. In 
this study, the statistical significance of genes showing ASE 
was calculated using the Storer-Kim test (Storer & Kim, 1990). 


For the mule/hinny genes showing ASE, p1 and p2 were 
defined as the expression ratios from the horse allele and 
donkey allele, respectively. The expressed genes with 
balanced alleles showed the following expression ratio: p1= 
p2=0.5. We expected the genes showing ASE to have 
expression ratios of p1=0 and p2=1 or p1=1 and p2=0. The 
null hypothesis p2-p1-0 was tested, and the P values were 
corrected using the R package "qvalue" with the Benjamini- 
Hochberg algorithm. An adjusted P value of «0.05 was used. 
Here, to identify genes showing the most allelic imbalance, we 
used cutoff ratios based on previous study (Wang, 2013), that 
is, p1>0.65 and p2«0.35 for horse allele-specific expression 
and p1<0.35 and p2>0.65 for donkey allele-specific 
expression. 


Calculation of diversity of gene expression levels 

Gene expression diversity can be reflected by the coefficient 
of variation (CV) of gene expression levels in biological 
replicates (Bellucci et al., 2014). The CV value was calculated 
as the ratio between the standard deviation (SD) and mean of 
gene expression levels (FPKMs) obtained for hybrid 
individuals. The gene expression diversity of each tissue (five 
brain, seven muscle, seven skin, four liver, and six ear tissue 
samples) was calculated separately. 


Calculation of Ka/Ks value 

The coding sequence (CDS) of the horse was downloaded 
from ensembl (ftp://ftp. ensembl. org/pub/release-88/fasta/ 
equus_caballus/cds/) and aligned to the donkey 
pseudogenome using BLAT (v36x1) with the output file type 
set to axt. Each alignment block in an axt file contains a 
summary line and two sequence lines. The summary line 
contains chromosomal position and size information about the 
alignment (details inhttps://genome.ucsc.edu/goldenPath/help/ 
axt. html). We used the axt file to calculate the Ka/Ks value 
using the KaKs calculator (v2.0) (Zhang et al., 2006) with "-m 
GMYcN" as a parameter. Similarly, the CDS of cattle was 
downloaded  (ftp://ftp. ensembl. org/pub/release-94/fasta/ 
bos taurus/cds/) and then aligned to the yak pseudogenome 
and then treated in the same way as above. 


Data archiving 

The RNA-seq data obtained in this study were submitted to 
the National Center for Biotechnology Information (https:// 
www. ncbi. nim. nih. gov/) under accession Nos. PRJNA387435 
and PRJNA387436.The RNA-seq data were also deposited at 
GSA (http://gsa.big.ac.cn/) under accession No. CRA001591. 


RESULTS 


Identification of genes showing allele-specific expression 
in hybrids 

To depict the cis-regulatory gene expression profiles, we 
performed RNA-seq analysis of reciprocal-cross hybrids of 
donkey x horse and cattlexyak (Figure 2D, E). We developed 
a pipeline to detect genes showing ASE (Figure 1). Based on 
the exonic FDSs, approximately 76.8% and 67.4% of 
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expressed genes (13 643 of 17 770 in mule/hinny and 10 378 
of 15 399 in dzo) harbored at least three FDSs in the exonic 
region, which enabled robust calculation of ASE 
(Supplementary Figure S1). To ensure precision, those genes 
showing ASE were filtered under the conditions that multiple 
FDSs (23) and high allelic bias (0.65/0.35) were supported by 
at least an average of 20 uniquely mapped reads from each 
sample, with concordance between biological replicates. The 
expression divergence between the two genetic alleles was 
greater than the divergence between paternal and maternal 
alleles (Figure 2F, G). Read number differences between 
paternal and maternal alleles were also compared. Here, we 
identified 49 imprinting genes in the mules/hinnies and 40 
imprinting genes in the dzos (Supplementary Figure S2) with 
the same cutoff as ASE genes. Among the expressed genes 
(FPKM21), 846 (6.5%), 790 (7.3%), and 905 (6.8%) genes 
showing ASE were identified in the brain, muscle, and skin 
tissues of mule/hinny, respectively (Figure 3A, B), whereas 
883 (8.7%) and 592 (4.8%) genes showing ASE were 
identified in the liver and ear of dzo, respectively (Figure 3A, 











B). When we adopted a more permissive threshold of 
imbalance (0.4—0.6), about 15% of genes showed ASE. Only 
109 and 101 genes showing ASE were shared among the 
three tissues of mule/hinny and two tissues of dzo, 
respectively (Figure 3A). The results suggest that the genes 
showing ASE were tissue specific. Principal component 
analysis was conducted based on the allelic expression ratios 
(ratios of reads of two alleles), which showed that samples 
were clustered according to tissue type, further indicating 
tissue specificity in genes showing ASE (Supplementary 
Figure S3A, B). For example, in mule/hinny, HPSG2 was 
identified as a brain-specific ASE gene (Supplementary Figure 
S3C) and ST3GAL1 was identified as a muscle-specific ASE 
gene (Supplementary Figure S3D). 


IncRNAs and pseudogenes are more likely to Show ASE 

Comparison of the proportions of ASE among the expressed 
protein-coding genes, IncRNAs, and pseudogenes showed 
3.2%-6.7%, 17.3Y0-22.7Yo, and 16%—40%, respectively 
(Figure 3E). In addition, the distribution of allelic expression 
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Figure 3 Genes showing ASE in mule/hinny and dzo 
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Number of shared and unique genes showing ASE in brain, muscle, and skin tissues of mule/hinny (A), and ear and liver tissues of dzo (B). 
Heatmap of genes showing ASE (n=2 037) in brain, muscle, and skin samples of mule/hinny (C), and ear and liver samples of dzo (D). Genes are 
colored based on ASE score (red-green scale from 100% - 0% horse and cattle allele expression). Side color bar shows tissues. E: Proportion of 
protein-coding genes, IncRNAs, and pseudogenes showing ASE and allele-balanced expression in all tested tissues of mule/hinny and dzo. 
Numbers of samples from each tissue are provided. F: Distribution of allelic expression ratios of protein-coding genes, IncRNAs, and pseudogenes. 
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ratios further indicated that more IncRNAs and pseudogenes 
tended to show genetic allele biases (Figure 3F). In contrast, 
analysis of genes showing allele-balanced expression 
revealed that those genes showing ASE exhibited a higher 
density of divergent sites in the promoter region (Figure 4A). 
Consistently, a significantly higher density of divergent sites in 
the promoter region was observed among the IncRNAs and 
pseudogenes compared with the protein-coding genes (Figure 
4A), which was in accordance with the proportion of ASE in 
these three gene types (Figure 3E). Thus, the higher 
proportion of divergent sites in the promoter region of 
IncRNAs and pseudogenes may be correlated with the 
evolution of gene expression. In addition, among the closely 
related species, the expression levels of IncRNAs and 
pseudogenes showed more rapid changes than that of protein 
coding genes. 


Changes in gene expression due to a lack of selection 
pressure 

We subsequently searched for evidence showing the 
evolution of gene expression in closely related species under 
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Figure 4 Features of genes showing ASE 
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natural selection. First, the gene expression levels of genes 
showing ASE and allele-balanced expression were compared. 
As shown in Figure 4B, the expression levels of genes 
showing ASE were significantly lower than those showing 
allele-balanced expression in all tested tissues from both mule/ 
hinny and dzo. This suggested that genes with low expression 
levels in hybrid tissues were more likely to show ASE. In 
contrast to the gene expression levels, the diversity in 
expression levels (CV, coefficient of variation of gene 
expression levels in biological replicates) of genes showing 
ASE was significantly higher than that of genes showing allele- 
balanced expression (Figure 4C). This high diversity indicated 
that the expression of genes showing ASE was not fully 
restricted, thus suggesting that the change in expression in 
most genes may have been achieved in the absence of 
selection pressure. To further explore the evolution of gene 
expression, the selection pressure (Ka/Ks ratio) of genes was 
investigated. A slightly higher Ka/Ks ratio was found for genes 
showing ASE than for genes showing allele-balanced 
expression; however, the values of these ratios were usually 
lower than 1 (Figure 4E), indicating that some genes showing 
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A: Densities of FDSs in promoter (2 kb upstream of TSS) of genes showing ASE and genes showing allele-balanced expression. B: Densities of 
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ASE were under relaxed selection. 


Genes showing ASS are potential contributors to species 
evolution 

Here, ASS events were identified using the hybrid 
transcriptomes with an assigned genetic allele origin through 
rMATS (Figure 1). To achieve relatively high-accuracy 
detection of ASS events, rigorous statistical criteria (|Aw| > 
10%, FDR<1%, support reads numbers 2100) were used to 
quantify ASS events. In total, 980 (13.5%), 778 (12.5%), and 
839 (11.2%) ASS events were identified in the brain, muscle, 
and skin tissues of mule/hinny (Table 1), respectively, and 559 
(16.7%) and 623 (10.8%) ASS events were identified in the 
liver and ear of dzo, respectively (Table 1). 

We detected the density of FDSs in the splicing exons and 
adjacent introns of ASS and non-ASS events. As shown in 
Figure 5A, compared with non-ASS exons, the densities of 
FDSs in the ASS exons were higher, whereas the densities 
in upstream and downstream introns showed no differences. 
These results suggest that the FDSs within the exons may 
have led to gene splicing evolution. In addition, genes 
showing ASS had higher expression levels than genes 
showing ASE in all tested tissues (Figure 5B). In contrast, 
the diversity in the expression levels of genes showing ASS 
was lower that of genes showing ASE in all tissues, with 
exception of the dzo liver (Figure 5C). Thus, the evolution of 
cis-regulatory alternative splicing may be a major contributor 
to the adaptive evolution of a species and may be equally 
important to the evolution of gene expression levels. 


Genes showing ASE and ASS are involved in species 
adaptive evolution 

Genes showing ASE and ASS in mule/hinny muscle tissue 
have received considerable attention since the discovery of 
muscle strength divergence between horses and donkeys 
(Renaud et al., 2018). Here, four genes showing ASE (i.e., 


Table 1 ASS events in mule/hinny and dzo 


MYOZ1, MYOZ2, MYH4, and MYBPH) were detected in all 
mule/hinny muscle samples (Figure 6A). Notably, MYOZ1 and 
MYOZ2 are members of the same MYO gene family, which 
plays a role in myofibrillogenesis (Takada et al., 2001), with 
both found to be donkey specific in the current study. In 
contrast, however, both MYH4 and MYBPH were found to be 
horse specific (Figure 6A). Thus, these mule/hinny muscle- 
related genes showing ASE may be responsible for the 
divergence observed in muscle strength between horses and 
donkeys. Furthermore, MYOZ3 and MYOM2 showed ASS in 
the mule/hinny muscle samples (Figure 6B). Notably, MYOZ3 
also belongs to the MYO gene family, suggesting that the 
MYO gene family may have played an important role in the 
evolution of muscle strength. Thus, the above results further 
suggest that changes in both gene expression levels and 
alternative splicing have played a role in the divergence of 
muscle strength found between horses and donkeys. 

Compared with cattle, yaks exhibit a remarkable adaptive 
trait to high-altitude hypoxic environments. In the current 
study, the ARG2 gene showing ASE was identified in both the 
liver and ear of dzo (Figure 6C). ARG2 has been identified 
previously as a hypoxia-related and rapidly evolving gene in 
yak (Qiu, 2012). In addition, the ATP12A gene showing ASE 
was identified with high expression in the yak allele of dzo 
(Figure 6C). This gene has been identified previously as a 
hypoxia-related gene in Tibetan antelope (Ge et al., 2013). In 
addition, we also identified ENTPD5 and SULT1A1 as dzo 
genes showing ASS (Figure 6D). These two genes are 
involved in metabolic processes (Gamage et al., 2006; 
Huitema et al., 2012), and thus may also contribute to the 
high-altitude adaptation of yak. Thus, the above results 
provide preliminary evidence demonstrating that genes 
showing ASE and ASS may participate in the regulation of 
muscle strength in mule/hinny and high-altitude adaptation in 
dzo. 




















Species Tissue Event type SE RI MXE A3SS A5SS Total 
Total splicing events 4849 151 1246 692 337 7275 
Brain ASS events 612 23 198 75 72 980 
ASS ratio 0.126 0.152 0.159 0.108 0.214 0.135 
Total splicing events 3992 129 1406 460 262 6249 
Mule/Hinny Muscle ASS events 458 19 193 52 56 778 
ASS ratio 0.115 0.147 0.137 0.113 0.214 0.125 
Total splicing events 4857 196 1401 660 351 7465 
Skin ASS events 489 31 190 72 57 839 
ASS ratio 0.101 0.158 0.136 0.109 0.162 0.112 
Total splicing events 2078 108 555 423 191 3355 
Liver ASS events 308 23 106 76 46 559 
ASS ratio 0.148 0.213 0.191 0.180 0.241 0.167 
"m Total splicing events 3726 203 922 616 293 5760 
Ear ASS events 352 47 112 59 53 623 
ASS ratio 0.094 0.232 0.121 0.096 0.181 0.108 
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Figure 5 Features of genes showing ASS 
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A: Densities of FDSs in exons, upstream introns, and downstream introns of ASS and non-ASS events (Wilcoxon test). B: Comparison of 
expression levels of genes showing ASE and genes showing ASS. C: Comparison of expression diversities (comparison of genes) of genes 


showing ASE and genes showing ASS. 
DISCUSSION 


To date, most previous studies on genes showing ASE have 
been conducted on model organisms, e.g., mouse (Crowley, 
2015; Gao, 2015). As their hybrids can be difficult to obtain, 
few studies have been reported on genes showing ASE in 
large mammals, particularly in regard to changes in gene 
expression in animal speciation and evolution. In this study, 
we obtained the ASE and ASS genetic profiles of horsex 
donkey and cattlexyak hybrids to reveal differences in gene 
expression and alternative splicing between closely related 
species. The use of closely related species with more FDSs 
allows for the robust and precise identification of genes 
showing ASE and ASS. 

Protein-coding genes and IncRNAs are known to contribute 
to species evolution (Babbitt et al., 2010). However, previous 
study has indicated that the sequences of IncRNAs change 
more rapidly than those of protein-coding genes (Johnsson et 


al., 2014). For example, in humans, one of the most rapidly 
evolved regions ("human accelerated regions") from 
chimpanzees, i.e., HAR1, is a noncoding RNA gene (Pollard 
et al., 2006). Compared with protein-coding genes, we found 
that IncRNAs were more likely to show ASE. Hence, our 
results indicated that the expression levels of IncRNAs were 
also rapidly evolving between closely related species. Similar 
to IncRNAs, pseudogenes, which are regarded as 
dysfunctional DNA sequences without selective constraints 
and are thus silenced last (Mira, 2005), also tended to show 
ASE. Some detected pseudogenes showing ASE may be in 
the process of elimination, i.e., are expressed in one species 
but not in another, thus resulting in ASE. As such, most gene 
expression changes (e.g., ASE) may be neutral and not under 
evolutionary selection. However, some gene expression 
changes may contribute to adaptive evolution; for example, 
the ASE genes (MYOZ1, MYOZ2, MYH4, and MYBPH) 
involved in the regulation of muscle strength in mule/hinny. 
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Figure 6 Functional analysis of genes showing ASE and ASS 
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A: Allelic expression ratios of four muscle function-related ASE genes, MYOZ1, MYOZ2, MYH4, and MYBPH, in mule/hinny muscle samples. Horse 
allele (blue); donkey allele (purple). B: Sashimi plot of muscle-related genes showing ASS, MYOZ3, and MYOM2, in mule/hinny muscle samples. 
Read densities supporting inclusion and exclusion of exons are shown. C: Proportion of ARG2 and ATP12A expression levels from cattle allele (red) 
or yak allele (green) in four liver and six ears samples of dzo. Gray bar indicates no expression. D: Sashimi plot of two genes showing ASS 
(ENTPD5 and SULT1A7) in dzo. Read densities supporting inclusion and exclusion of exons are shown. 


These results are coincident with most genetic changes being 
neutral, with only a few being under positive selection. Thus, 
while many ASE genes may be evolutionary neutral, some 
may be related to the adaptive evolution of a species. Here, in 
each tested mule/hinny and dzo tissue using cutoff ratios of 
below 0.35 and above 0.65 (Wang, 2013), approximately 5% 
of expressed genes were identified as showing ASE. 
However, previous research on mice (Pinter, 2015) and 
Drosophila (León-Novelo et al., 2017) observed 20% ASE 
genes. We thus applied a more permissive threshold of 
imbalance (0.4—0.6), with results indicating that about 1596 of 
genes showed ASE. However, to be consistent with the 
pipeline in Wang et al. (2013), we still used the gene list with 
the cutoff of 0.35—0.65. Based on this, our results suggested 
that most cis-regulatory effects on gene expression did not 
differ between closely related species. This is consistent with 
the view that gene expression evolution is conserved and 
strongly shaped by purifying selection (Jordan, 2004; Liao & 
Zhang, 2006; Zheng-Bradley et al., 2010). In addition, genes 
showing ASE had lower expression levels, higher expression 
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diversity, and slightly higher Ka/Ks ratios than genes showing 
allele-balanced expression. These results indicate that the 
changes in the expression levels of most genes may have 
occurred in the absence of selection pressure. Gene 
alternative splicing is actually more prevalent than previously 
anticipated, with more than 90% of human genes possessing 
different transcription isoforms (Wang et al., 2008). We 
discovered that more than 10% of alternative splicing events 
showed significant differences between related species, which 
was higher than that found for ASE. In addition, the 
expression levels of genes showing ASS were higher than 
those showing ASE, whereas the diversity in the expression of 
genes showing ASS was lower than that for genes showing 
ASE. In conclusion, our study demonstrated that both gene 
expression and alternative splicing contribute to the 
divergence between closely related species. 
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ABSTRACT 


Ambient temperature is an important factor 
influencing many physiological processes, including 
antioxidant defense and immunity. In the present 
study, we tested the hypothesis that antioxidant 
defense and immunity are suppressed by high and 
low temperature treatment in  Brandt's voles 
(Lasiopodomys brandtii). Thirty male voles were 
randomly assigned into different temperature groups 
(4, 23, and 32 °C, n=10 for each group), with the 
treatment course lasting for 27 d. Results showed 
that low temperature increased gross energy intake 
(GEI) and liver, heart, and kidney mass, but 
decreased body fat mass and dry carcass mass. 
With the decline in temperature, hydrogen peroxide 
(H,0,) concentration, which is indicative of reactive 
oxygen species (ROS) levels, increased in the liver, 
decreased in the heart, and was unchanged in the 
kidney, testis, and small intestine. Lipid peroxidation 
indicated by malonaldehyde (MDA) content in the 
liver, heart, kidney, testis, and small intestine did not 
differ among groups, implying that high and low 
temperature did not cause oxidative damage. 
Similarly, superoxide dismutase (SOD) and catalase 
(CAT) activities and total antioxidant capacity (T- 
AOC) in the five tissues did not respond to low or 
high temperature, except for elevation of CAT activity 
in the testis upon cold exposure. Bacteria killing 
capacity, which is indicative of innate immunity, was 
nearly suppressed in the 4 °C group in contrast to 
the 23 °C group, whereas spleen mass and white 
blood cells were unaffected by temperature 
treatment. The levels of testosterone, but not 
corticosterone, were influenced by temperature 
treatment, though neither were correlated with innate 
immunity, H,O, and MDA levels, or SOD, CAT, and T- 
AOC activity in any detected tissues. Overall, these 
results showed that temperature had different 
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influences on oxidative stress, antioxidant enzymes, 
and immunity, which depended on the tissues and 
parameters tested. Up-regulation or maintenance of 
antioxidant defense might be an important 
mechanism for voles to survive highly variable 
environmental temperatures. 


Keywords: Antioxidant defense; Brandt' s voles 
(Lasiopodomys brandtii); Immunity; Temperature 


INTRODUCTION 


Ambient temperature is an important factor influencing many 
physiological processes in animals, including antioxidant 
defense and immune function (King, 2004; Marnila & Lilius, 
2015). While antioxidant defense can eliminate reactive 
oxygen species (ROS), oxidative stress can occur when ROS 
production overwhelms antioxidant capacity (Dickinson & 
Chang, 2011; Selman et al, 2013). Oxidative stress can 
cause oxidative damage to biomolecules (i.e., lipids, proteins, 
and DNA) and is deleterious to the structure and function of 
cells and tissues (Marri & Richner, 2015; Raut et al., 2012). 
The immune system, which protects animals from infection 
and pathogens, plays a key role in survival and fitness 
(Owens & Wilson, 1999; Sheldon &Verhulst, 1996). Therefore, 
both antioxidant capacity and immune function are crucial for 
animals to maintain health and survival; however, both are 
markedly influenced by environmental temperature (Carroll et 
al., 2012; Metcalfe & Alonso-Alvarez, 2010; Zhou et al., 2015). 
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Several researchers have investigated the impact of 
temperature on antioxidant defense. For instance, cold 
exposure in rats has been shown to increase lipid 
peroxidation in the brain but decrease it in the liver (Lomakina, 
1980) and enhance superoxide dismutase (SOD) activity in 
the heart and kidney but suppress it in the lungs and pancreas 
(Vasilijevic et al., 2007; Yuksel et al., 2008). Moreover, cold 
Stress is reported to increase protein oxidation in the liver and 
muscle but not affect brown adipose tissue in short-tailed field 
voles (Microtus agrestis) (Selman et al., 2000, 2002, 2008). 
Lipid peroxidation, total antioxidant capacity (T-AOC), and 
glutathione peroxidase activity in brown adipose tissue has 
been shown to increase under low temperature but decrease 
under high temperature in striped hamsters (Cricetulus 
barabensis) (Zhou et al., 2015). Furthermore, high temperature 
exposure has been shown to cause oxidative damage in 
broiler chickens (Tan et al., 2010) and decrease SOD activity 
in rat testes (Kanter et al., 2013). 

Bacteria killing capacity, which entails phagocytes, 
opsonizing proteins, and natural antibodies acting against 
specific pathogens, has been used to evaluate innate 
immunity in mammals (Demas et al., 2011; Tieleman et al., 
2005). Immune organs and total white blood cells (WBC) are 
indirect parameters indicative of immune function (Calder & 
Kew, 2002). A larger spleen is representative of a stronger 
immune system (Smith & Hunt, 2004), and adipose tissue is 
no longer regarded as a simple passive energy reserve but 
also as an important endocrine and immune organ (Ahima & 
Flier, 2000; Fantuzzi, 2005; Trayhurn, 2005). Although 
investigators have examined the impact of temperature on 
immunity in laboratory animals, including mice (Xu et al., 
1992) and rats (Kozyreva & Eliseeva, 2000, 2004), research 
on wild rodents remains scarce or contradictory. For instance, 
both cellular immunity and bacteria killing capacity are 
reported to be unaffected by low and high temperature in 
female Mongolian gerbils (Meriones unguiculatus) (Yang et 
al., 2013). 

Stressful conditions, such as cold or hot temperatures, can 
stimulate the hypothalamic-pituitary-adrenal axis, and hence 
secretion of glucocorticoids such as corticosterone, which is 
related to oxidative damage and immunity (Kim et al., 2013; 
Sapolsky et al., 2000). Moreover, testosterone incurs oxidative 
costs such as increased production of ROS according to the 
oxidation handicap hypothesis (Alonso-Alvarez et al., 2007, 
2008). Testosterone also has suppressive effects on immune 
function in many species, including mammals and birds 
(Trigunaite et al., 2015). 

Brandt’ s voles (Lasiopodomys brandtii) are primarily 
distributed in the grasslands of Inner Mongolia in China as 
well as the Republic of Mongolia and the Baikal region of 
Russia (Li et al., 2010; Walker, 1968). They are strictly 
herbivorous and feed mainly on grass (Wang et al., 2003). 
The climate is arid and characterized by warm, dry summers 
(maximum 42.6 °C) and cold winters (minimum - 47.5 ° C) 
(Chen, 1988; Zhao & Wang, 2006). Thus, this species 
experiences considerable seasonal fluctuations in 
temperature, photoperiod, and food availability (Wang et al., 
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2000; Zhang & Wang, 1998). Previous research has shown 
that resting metabolic rate (RMR) and uncoupling protein 1 
(UCP1) content increase but body fat mass decreases in 
voles upon cold exposure (Liu et al., 2009; Wang, 2007). Both 
immune responses (Demas, 2004; Martin et al., 2003) and 
oxidative stress come at a cost (Dowling & Simmons, 2009) 
and life-history trade-off (Hall et al., 2010; Martin et al., 2007; 
Monaghan et al., 2009). Therefore, we expect that low and 
high temperature exposure should cause oxidative stress and 
immunosuppression in voles. 


MATERIAL AND METHODS 


Animals and experimental design 

Animals used in this study were the offspring of a captive 
colony trapped on the Inner Mongolian grasslands in May 
1999 and brought to the animal facility at the Institute of 
Zoology, Chinese Academy of Sciences, Beijing, China. All 
animal procedures were licensed under the Institutional 
Animal Care and Use Committee of the Institute of Zoology, 
Chinese Academy of Sciences (approval number: 
QFNUDW2012016; approval date: 20120628). The animals 
were housed individually after weaning in plastic cages (30 
cmx 15 cmx20 cm) with sawdust as bedding under a constant 
photoperiod (16 h:8 h light-dark cycle) and temperature (23+ 
1 °C). Rabbit pellet chow and water were provided ad libitum. 
Thirty male voles (aged 4—6 months) were randomly assigned 
into the cold (4£1 °C) (n=10), warm (2341 °C) (n=10), and 
hot groups (32241 °C) (n=10) (hereafter referred to as the 4 °C, 
23 °C, and 32 °C groups). The treatment course lasted for 27 d. 
One vole escaped after 13 d of cold treatment and another 
vole died after 16 d of cold treatment. Therefore, these two 
voles were not included in subsequent statistical analyses. 


Energy intake 
Body mass was recorded every 3 d and energy budgets were 
determined at 3-d intervals over the course of the study. Food 
intake was measured in metabolic cages, as described 
previously (Xu & Wang, 2011; Xu et al., 2011). Food was 
provided quantitatively. Food residue and feces were collected 
from each subject over 3 d before acclimation began and 
during the course of treatment and were separated after they 
were dried at 60 °C to a constant mass (Liu et al., 2003). 
Energy content of the food and feces was determined using a 
Parr 1281 oxygen bomb calorimeter (Parr Instrument, USA). 
Gross energy intake (GEI) was calculated according to 
Grodzinski & Wunder (1975) and Liu et al. (2003) using the 
following equation: 
GEI (kJ/d)=dry matter intake (DMI)x 
energy content of food (kJ/g) (1) 


Organ and body composition 

At the end of the experiment, animals were sacrificed by CO, 
asphyxiation, after which trunk blood was collected for later 
measurement of WBC. Blood samples were allowed to clot for 
1 h and centrifuged at 4 °C for 30 min at 4 000 r/min. Sera 
were collected and stored in polypropylene microcentrifuge 


tubes at - 80 °C for later hormone (i. e., corticosterone and 
testosterone) and bacterial killing capacity assays. Organ 
mass was measured as described previously (Xu & Wang, 
2011; Xu et al., 2011). In brief, visceral organs, including the 
heart, liver, kidneys, testes, small intestine, and spleen, were 
dissected on an ice box and weighed (+1 mg). The length of 
the small intestine was measured by extending the organ to 
its unstressed length along a ruler (£1 mm) (Pei et al., 2001). 
The small intestine was then opened and rinsed with saline to 
eliminate all gut contents, blotted dry on tissue paper, and 
weighed. The heart, liver, kidneys, testes, and small intestine 
were stored at -80 °C for later antioxidant enzyme assays. 
The carcass was dried in an oven at 60 °C to a constant 
mass, and then weighed again to obtain dry mass. The 
difference between the wet and dry carcass mass was the 
water mass of the carcass. Total body fat was extracted from 
the dried carcass by petroleum ether extraction in a Soxhlet 
apparatus, and body fat content was calculated as the 
proportion of total body fat mass divided by wet carcass mass 
(Xu & Wang, 2010). 


Oxidative stress marker assays 
Lipid peroxidation, which is indicative of oxidative damage, 
was examined as described previously (Yang et al., 2013). 
Specifically, lipid peroxidation was evaluated by quantifying 
malonaldehyde (MDA) (Del Rio et al, 2005) using a 
thiobarbituric acid reactive substances (TBARS) assay kit 
(Nanjing ^ Jiancheng, Nanjing, China) following the 
manufacturer’ s instructions. The absorbance of the eluent 
was monitored spectrophotometrically at 532 nm (BioTek 
Synergy 4 Hybrid Microplate Reader, BioTek, Winooski, 
Vermont, USA). The intra- and inter-assay coefficients of 
variation for this assay were <1.5% and <3.32%, respectively. 
Lipid peroxidation was expressed as nmol MDAper mg protein. 
ROS levels were measured in the tissues by examining 
hydrogen peroxide (H,O,) levels (Zhou et al., 2015). The H,O, 
levels were analyzed using a commercial kit (Nanjing 
Jiancheng, Nanjing, China) in accordance with the 
manufacturer’ s instructions. Levels of H,O, were expressed 
as umol/g protein. 


Antioxidant enzymes 

The activities of antioxidant enzymes, including SOD and CAT, 
and total antioxidant capacity (T-AOC) were also determined 
using commercial kits (Nanjing Jiancheng, Nanjing, China) 
according to the manufacturer's instructions. One unit of SOD 
was defined as the amount of enzyme that caused 50% 
inhibition of superoxide radical produced by the reaction 
between xanthine and xanthine oxidase at 37 °C; one unit of 
CAT activity was defined as the decomposition of 1 umol H,O, 
per min; one unit of T-AOC was defined as the extent to which 
optical density increased by 0.01 per milligram protein per min 
(Chen et al., 2014). 


Immunological parameters 
WBC count was determined as described previously (Xu & 
Wang, 2010). In brief, 20 uL of whole blood was diluted 


immediately in a 0.38 mL solution containing 1.596 glacial 
acetic acid and 196 crystal violet (Sigma). The leukocytes 
were then counted in an improved Neubauer chamber using a 
microscope. Total number of WBC was determined by 
counting all leucocytes in the four large corner squares of the 
Neubauer chamber and multiplying the raw data by 5x10’ to 
obtain final values (10? cells/L) (Yang, 2004). 

Serum bacterial killing capacity, which is indicative of innate 
immunity, was performed in a sterile laminar flow cabinet to 
assess the functional response by the animal’ s innate 
immune system against a relevant pathogen, Escherichia coli 
(Demas et al., 2011; Tieleman et al., 2005; Yang et al., 2013). 
Briefly, serum samples were diluted 1:20 in a CO,- 
independent medium (Gibco no. 18045, Carlsbad, GA, USA). 
A standard number of colony-forming units (CFUs) of E. coli 
(ATCC no. 8739, Microbial Culture Collection Center of 
Guangdong Institute of Microbiology, China) was added to 
each sample at a ratio of 1:10, after which the mixture was 
allowed to incubate at 37 °C for 30 min to induce bacterial 
killing. After incubation, 50 pL of each sample was added to 
tryptic soy agar plates in duplicate. All plates were covered 
and left to incubate upside down at 37 ?C for 24 h. After this, 
total CFUs were counted and bactericidal capacity was 
calculated as 10096 minus the mean number of CFUs for each 
sample divided by the mean number of CFUs for the positive 
controls (containing only medium and standard bacterial 
solution), i.e., the percentage of bacteria killed relative to the 
positive control. 


Serum corticosterone assays 

Serum corticosterone concentrations were determined using a 
rat corticosterone ELISA kit (Cat. No. HR083, RapidBio Lab. 
Calabasas, California, USA). The lowest level of corticosterone 
that could be detected by this assay was 1.0 nmol/L. All 
procedures were in accordance with the manufacturer' s 
instructions. Inter- and intra-assay  variabilities for 
corticosterone were «1.196 and 7.596, respectively. 


Serum testosterone 

Serum testosterone concentrations were assessed using a rat 
testosterone ELISA kit (Cat. No. HR083, RapidBio Lab. 
Calabasas, California, USA) following the manufacturer's 
instructions. The tested range of testosterone was 0.13- 
25.6 ng/mL. Intra- and inter-assay variabilities for testosterone 
were «9.095 and 11.0%, respectively. 


Statistical analysis 

Data were analyzed using SPSS 13.0 software (SPSS Inc., 
Chicago, IL, USA). Prior to all statistical analyses, data were 
examined for normality and homogeneity of variance using 
Kolmogorov-Smirnov and Levene tests, respectively. Changes 
in body mass and GEI during the experiment were analyzed 
with the Repeated Measure of General Linear Model (GLM). 
Differences in body mass at any time point, MDA and H,O, 
levels, SOD and CAT activity, T-AOC, WBC, innate immunity, 
and corticosterone and testosterone concentrations in 
different groups were analyzed by one-way analysis of 
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variance (ANOVA) followed by Tukey’ s post hoc tests. Group 
differences in wet organ mass and GEI, with body mass as 
the covariate, at any time point were analyzed by a one-way 
analysis of covariance (ANCOVA) followed by Bonferroni post- 
hoc tests. Significant group differences were further evaluated 
by GLM multivariate analysis followed by Bonferroni post hoc 
tests. Pearson correlation analysis was performed to 
determine the correlations of corticosterone, testosterone, and 
antioxidant parameters. Results are expressed as means+SE, 
with P«0.05 considered to be statistically significant. 


RESULTS 


Body mass and energy intake 

Body mass among the 4 °C, 23 °C, and 32 °C groups did not 
differ significantly before the experiment began (day O, F, 555 
0.650, P=0.531) (Figure 1A). Based on repeated measure 
ANOVA, body mass changed significantly over the 27 d 
acclimation to low and high temperature (Fo ,,,740.915, P< 
0.001). Body mass among the three groups show no 
significant differences from day 3 (F, 551.477, P=0.248) to 
day 12 (F, ..=2.822, P=0.078), whereas body mass differed 
significantly from day 15 (F, ,,74.600, P=0.020) to day 27 
(F, 25=4.203, P=0.027) (Figure 1A). At the end of the 
experiment, body mass in the 4 °C, 23 °C, and 32 °C groups 
increased by 16.2%, 17.4%, and 32.4%, respectively, 
compared with body mass on day O (Table 1). There was no 
difference in GEI among the three groups on day O (F, 5,5 


significantly over the course of the experiment (F, ,,,754.430, 
P«0.001). GEI was significantly influenced by temperature 
from day 3 to day 27 and was significantly higher in the 4 °C 
group and lower in the 32 °C group relative to the 23 °C group 
(day 3, F, ,,210657.8, P<0.001; day 27, F, .,=22.7, P«0.001) 
(Figure 1B). 


Body composition and organs 

Body composition (i.e., wet carcass, dry carcass, fat free dry 
carcass, body fat mass, and fat content) decreased, whereas 
organ mass (i.e., heart, liver, and kidney) and small intestine 
length increased, and spleen, testis, and small intestine mass 
remained unchanged with the decline in temperature (Table 
1). Body fat mass was 37.9% lower in the 4 °C group and 
62.1% higher in the 32 °C group in contrast with the 23 °C 


group. 


Oxidative stress 

H,O, levels showed significant differences among the various 
tissues in all three treatment groups (F, 44,758.61, P<0.001, 
Figure 2A). In the 4 °C group, H,O, levels were significantly 
higher in the small intestine than in the liver, heart, kidney, or 
testis (post hoc, P<0.05). Temperature had a significant effect 
on H;O, levels in the liver, which were 46.7% higher in the 4 °C 
group and 27.9% lower in the 32 °C group compared to the 
23 °C group (F, 5554.584, P=0.020). H,O, levels in the heart 
were also affected significantly by temperature and were 
44.3% and 102.9% higher in the 4 °C and 32 °C groups, 





0.251, P=0.780) (Figure 1B); however, GEI changed respectively, compared to the 23 °C group (F, .,=7.949, P= 

Table 1 Effect of temperature on body composition and wet organ mass in Brandt's voles 
Parameter 4°C 23 °C 32°C Statistical summary 

F, 25 P 

Body composition (g) 
Initial body mass 40.2+2.7 43.0+1.8 43.8+2.3 0.650 0.531 
Final body mass 46.7x2.1^ 50.5+6.62° 58.03.62 4.203 0.027 
Wet carcass 30.3+2.1° 35.0+1.6° 42.4+2.6° 7.819 0.002 
Dry carcass 13.242.8? 16.541.32? 22.342.3? 6.995 0.004 
Body water 17.141.2 18.5+0.7 20.1+0.8 2.690 0.087 
Fat free dry carcass 9.1+0.5° 9.9+0.4% 11.5x0.6* 6.090 0.007 
Body fat mass 4120.5? 6.641.1% 10.7+1.8? 6.255 0.006 
Fat content (%) 30.341.6° 38.143.12° 45.33.22 6.584 0.005 
Organ mass (mg) Fox P 
Heart 249482 21346? 178247: 18.116 <0.001 
Liver 23314136 19054109 18694125 3.617 0.042 
Kidney 618424? 510419? 399422: 18.282 <0.001 
Small intestine 312479 344463 259473 0.369 0.695 
Small intestine length (cm) 35.141.0? 32.9x0.8* 29.4+0.9 ^ 7.983 0.002 
Testis 813474 929459 796468 1.437 0.257 
Spleen 3543 3243 3623 0.748 0.484 


Values are means+SE. Values for a specific parameter that share different superscripts are significantly different at P«0.05. Body composition was 
analyzed by one-way ANOVA, and organ mass was determined by General Linear Model multivariate analysis followed by Bonferroni post hoc tests 


with body mass as the covariate. 
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Figure 1 Effect of temperature on body mass (A) and gross 
energy intake (B) in Brandt' s voles acclimated to 4 °C, 23 °C, and 
32?C 

Data are means+SE. *: P«0.05, ***: P«0.001. 


0.002). However, temperature had no effect on H,O, levels in 
the kidney (F,,,21.506, P=0.241), testis (F,,,-0.166, P= 
0.848), or small intestine (F, ,.:1.649, P=0.212) (Figure 2A). 
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Figure 2 Effect of temperature on H,O, (A) and MDA levels (B) in 
Brandt’s voles acclimated to 4 °C, 23 °C, and 32 °C 

Different letters above columns indicate significant differences at P< 
0.05. 


MDA levels differed significantly among the various tissues 
(F, 135=99.29, P«0.001, Figure 2B), and were significantly 
higher in the kidney and small intestine than that in the liver, 
heart, or testis in the 4 ° C group (post hoc, P<0.05). 
Temperature had no influence on MDA content in the liver 


(F, 95=0.247, P=0.783), kidney (F, 7551.816, P=0.184), testis 
(Fo 5572.039, P=0.151), or small intestine (F, ,,-0.356, P= 
0.704). However, MDA levels in the heart were 31.5% lower in 
the 32 °C group than that in the 23 °C group (F, 573.391, P= 
0.050) (Figure 2B). 


Antioxidant enzymes 

A significant difference in total SOD activity was found among 
the five tissues (F, ,35=42.64, P«0.001, Figure 3A), with higher 
activity detected in the small intestine compared with the other 
four tissues (post hoc, P«0.05). There were no significant 
differences in total SOD activity in the liver (F, ,,:0.531, P= 
0.594), heart (F, ,,-0.076, P=0.927), kidney (F, ..=0.523, P= 
0.599), and small intestine (F, ,,70.184, P=0.833) among the 
4 °C, 23 °C, and 32°C groups. Total SOD activity in the testis 
was 18.8% and 19.9% higher in the 4 °C and 32 °C groups, 
respectively, compared to the 23 °C group (F, ..=3.239, P= 
0.056) (Figure 3A). 
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Figure 3 Effect of temperature on total SOD activity (A), CAT 
activity (B), and total antioxidant capacity (T-AOC) (C) in Brandt’s 
voles 
Different letters above columns indicate significant differences at P< 
0.05. 


CAT activity exhibited significant differences among the five 
tissues (F, 14,731.17, P«0.001, Figure 3B), and was higher in 
the kidney than the other four tissues in the 4 °C group (post 
hoc, P«0.05). CAT activity in the testis was significantly 
increased in the 4 °C (304.6%) and 32 °C groups (87.3%), 
respectively, compared to the 23 ° C group (Figure 3B). 
However, temperature had no significant impact on CAT 
activity in the liver, heart, kidney, or small intestine (liver, F, 35= 
1.165, P=0.328; heart, F,,,=0.016, P=0.984; kidney, F,,,=1.299, 
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P=0.291; small intestine, F, 551.110, P=0.345) (Figure 3B). 
T-AOC differed significantly among the five tissues (F, 4357 
59.44, P<0.001, Figure 3C), and was higher in the small 
intestine than that in the other four tissues in the 4 °C group 
(post hoc, P«0.05). No significant differences in T-AOC were 
observed in the liver (F, 5,72.313, P-0.120), heart (F, 355 
0.683, P=0.514), kidney (F, ,,70.437, P=0.651), testis (F, ;.- 
2.368, P-0.114), and small intestine (F, ,,70.068, P=0.934) 
among the groups (Figure 3C). However, significant positive 
correlations were found between MDA levels and SOD, CAT, 
and T-AOC activities in the heart and small intestine and 
between H,O, levels and MDA, SOD, and T-ACC activities in 


the small intestine, with some significant correlations found in 
the liver, kidney, and testis (Table 2). 


Immunological parameters 

No statistically significant differences were observed in wet 
spleen mass (F, ,,-0.748 P=0.484) (Figure 4A), WBC (F, 555 
0.504, P=0.610) (Figure 4B), or bacteria killing capacity (F, ;.— 
2.822, P=0.079) (Figure 4C). Innate immunity was 118.0% 
and 35.5% lower in the 4 °C and 32 °C groups, respectively, 
compared to the 23 °C group. Innate immunity was negatively 
correlated with liver H,O, levels and kidney MDA content, but 
not with body fat mass, H,O, levels, or MDA content in other 
tissues (Table 3). 


A BA C 
2 50 B 
& & 2 06 
2 40 z4 a) 
S EZ 
= 30 33 8 04 
3 20 32 2 i5 
5 10 = i doc 
2 2 s 
A 0 = 0 5 0 
4°C 23°C 32°C = 4C 23°C 320 5 TO Ha ae 
A N2 


Figure 4 Effect of temperature on spleen wet mass (A), white blood cell count (B), and bacteria killing capacity (C) in Brandt's voles 


Serum corticosterone 

Corticosterone concentration did not differ among the groups 
(F, 2551.818, P=0.183) (Figure 5A). Furthermore, 
corticosterone concentration was not correlated with H,O, 
levels, MDA content, or SOD, CAT, and T-AOC activities in the 
liver, heart, kidney, testis, or small intestine, except for a 
negative correlation between corticosterone and SOD activity 
in the testis (Table 2). Moreover, no significant correlation was 
found between innate immunity and corticosterone 
concentration (r=0.206, P=0.293) (Table 3). 


Serum testosterone 

Testosterone concentration was significantly influenced by 
temperature and was 25.8% and 53.1% higher in the 4 °C and 
32 °C groups, respectively, compared to the 23 °C group (F; 553 
4.403, P=0.023) (Figure 5B). Testosterone concentration was 
not correlated with H,O, levels, MDA content, or SOD, CAT, 
and T-AOC activities in the liver, heart, kidney, testis, or small 
intestine, except for a positive correlation with testis SOD 
(Table 2). Testosterone concentration was negatively 
correlated with corticosterone concentration (Table 2) but was 
not correlated with innate immunity (=—0.119, P=0.546) 
(Table 3). 


DISCUSSION 


Ambient temperature is one of the most important factors 
affecting physiological processes. Contrary to our expectation, 
we found that temperature exerted different influences on 
oxidative stress, antioxidant enzymes, and immunity 
depending on the tissues and parameters tested. With the 
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decline in temperature, ROS levels increased in the liver but 
did not change in the kidney, testis, or small intestine. ROS 
levels in the heart were higher in the 32 °C group than in the 
23 °C group. Compared to the 23 °C group, cold exposure 
elevated CAT activity in the testis but not in the liver, heart, 
kidney, or small intestine. MDA content and SOD and T-AOC 
activities in the five tissues showed no response to low or high 
temperature. Bacteria killing capacity was nearly suppressed 
in the 4 °C group compared with that in the 23°C group, 
whereas spleen mass and WBC were unaffected by 
temperature treatment. 


Body mass, body composition, and organs 

To satisfy the augmentation in energy requirements during 
cold temperature, animals usually increase energy intake 
(Hammond & Wunder, 1995). In the present study, we also 
found that gross energy intake increased in the voles with the 
decline in temperature. However, the body masses in the 4 °C 
and 32 ?C groups at the end of the experiment were 7.596 
lighter and 14.8% heavier, respectively, than that in the 23 °C 
group. This may be due to an increase in energy expenditure 
with the decrease in temperature (Chi & Wang, 2011; 
Hammond & Wunder, 1995). Moreover, voles also mobilized 
energy reserves, including fat free carcass and body fat mass, 
to meet the elevated energy requirements with the decrease 
in temperature. In general, an increase in expensive metabolic 
organ mass (i.e., liver, heart, small intestine, and kidneys) and 
small intestine length during cold acclimation are adaptive 
responses to elevated energy needs and food processing 
capability (Daan et al., 1990; Hammond & Wunder, 1995; 
Konarzewski & Diamond, 1995). In our study, the liver, heart, 
and kidney mass and small intestine length also increased 


Table 2 Pearson’s correlation coefficients between H,O, and MDA levels, SOD, CAT, T-AOC activity, and corticosterone and testosterone 
in Brandt’s voles 




















H,O, MDA SOD CAT T-AOC CORT T 
Liver H,O, 1 
MDA —0.096 1 
SOD —0.042 0.435* 1 
CAT 0.025 0.343 0.592** 1 
T-AOC 0.108 0.179 0.442* 0.402* 1 
CORT —0.352 —0.106 —0.088 —0.044 0.140 1 
T 0.258 -0.005 0.136 0.102 -0.123 —0.840** 1 
H,O, MDA SOD CAT T-AOC CORT T 
Heart H,O, 1 
MDA -0.045 1 
SOD 0.346 0.390” 1 
CAT 0.107 0.520** 0.551** 1 
T-AOC 0.087 0.566** 0.695** 0.451* 1 
CORT —0.085 0.208 0.056 0.089 0.219 1 
T 0.273 —0.206 0.048 -0.057 —0.037 —0.840** 1 
H,O, MDA SOD CAT T-AOC CORT T 
Kidney H,O, 1 
MDA 0.041 1 
SOD -0.187 -0.116 1 
CAT 0.173 0.335 0.169 1 
T-AOC 0.148 0.266 0.355 0.330 1 
CORT 0.117 —0.183 —0.158 0.121 —0.023 1 
T —0.068 0.114 0.209 —0.114 -0.101 - 0.840** 1 
H,O, MDA SOD CAT T-AOC CORT T 
Testis H,O, 1 
MDA 0.248 1 
SOD 0.212 0.324 1 
CAT —0.200 -0.231 0.233 1 
T-AOC 0.228 0.197 0.536” 0.071 1 
CORT -0.163 —0.322 —0.447* —0.171 —0.207 1 
T 0.129 0.339 0.392* 0.249 —0.036 —0.840** 1 
H,O, MDA SOD CAT T-AOC CORT T 
SI H,O, 1 
MDA 0.507** 1 
SOD 0.651** 0.636** 1 
CAT 0.340 0.411* 0.397* 1 
T-AOC 0.503** 0.633** 0.794** 0.329 1 
CORT —0.008 0.162 —0.005 0.208 —0.194 1 
T —0.022 —0.204 —0.111 —0.173 —0.002 —0.840** 1 


SI: Small intestine; CORT: Corticosterone; T: Testosterone. *: P«0.05, **: P«0.01. 
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Table 3 Pearson’ s correlation coefficients between innate immunity, H,O, and MDA levels, corticosterone, testosterone, and body fat 
mass in Brandt’s voles 











Immunity H,O, MDA 
Liver Heart Kidney Testis Sl Liver Heart Kidney Testis Sl CORT T Fat 

Immunity 1 
H,O, Liver —0.441* 1 

Heart -0.143 -0.030 1 

Kidney -0.105 -0.181 -0.349 1 

Testis 0.050 -0.066 0.229  -0.104 1 

SI 0.032 0.259 -0.006 -0.078 -0.061 1 
MDA Liver  —-0.171 -0.096 -0.021 0.023  -0.069 0.261 1 


Heart 0.011 0.200 -0.045 -0.071 0.172  -0.342 -0.527* 1 
Kidney -0.423 0.333 0.383* 0.041 0.000 0.078 0.099 -0.200 1 
Testis -0.032 0.008 0.161  -0.014 0.248 0.269  -0.121 -0.203 -0.039 1 





SI 0.185 —0.098 -0.408 0.129 -0.114 0.507** 0.186 —0.089 -0.160 -0.075 1 

CORT 0.206 —0.352 -0.085 0.117 -0.163 -0.008 -0.106 0.208 -0.183 -0.322 0.162 1 

T —0.119 0.258 0.273  -0.068 0.129 0.022 -0.005 0.206 0.114 0.339  -0.204 -0.840* 1 

Fat —0.065 -0.219 0.289 0.163 0.005 0.085  -0.435 0.089  0.393* 0.253 -0.291 -0.111 0.132 1 


SI: Small intestine; CORT: Corticosterone; T: Testosterone; Fat: Body fat mass. *: P«0.05, **: P«0.01. 


A as observed in the voles in our study. The increase in GEI with 
3 60 the decline in temperature also indicated an elevation in the 
E 50 metabolic rate of voles, although resting metabolic rate was 
z 40 not examined in our study. Previous research has shown that 
5 30 cold exposure significantly increases metabolic rate in voles 
E 20 (Li et al., 2001; Liu et al., 2009; Zhang & Wang, 2006). 
€ According to the rate of living-free radical hypothesis, higher 
S 10 : j ; ; 
O metabolic rates, which are achieved by enhancing 

4°C 23°C 32°C mitochondrial oxidative phosphorylation, should increase the 

B production of free radicals (i.e., ROS) (Harman, 1956; Pearl, 
Sa 1928, Selman et al., 2013, Speakman et al., 2004). In the 
El current study, the increase in ROS production with the 
£3 a decrease in temperature, as indicated by H,O, levels in the 
2 3 ab b liver, was consistent with this hypothesis, whereas the 
5 reduction of ROS in the heart and unchanged ROS in the 
£1 kidney, testis, and small intestine were not compatible with 
o 
E 


this hypothesis. The reason of these disparate results might 
lie in the fact that an elevated metabolic rate during cold 
acclimation does not necessarily result in greater ROS 
production (Costantini, 2008; Hulbert et al., 2007). In light of 
the “uncoupling to survive" hypothesis, increased uncoupling 
proteins in response to cold temperature can decrease ROS 
production by lowering the potential of the inner mitochondrial 


4C 23C 32°C 
Figure 5 Effect of temperature on the concentration of 
corticosterone (A) and testosterone (B) in Brandt's voles 
acclimated to 4 °C, 23 °C, and 32 °C 


significantly with the decline in temperature, consistent with 


previous studies (Chi & Wang, 2011; Zhang & Wang, 2006). 
These changes in metabolic organs would satisfy the 
increased energy requirements and food processing capability 
under cold exposure. 


Oxidative stress and gross energy intake 

Energy requirements usually increase across many species in 
cold environments (Chi & Wang, 2011; Liu et al., 2009; Zhou 
et al., 2015). Thus, animals adopt different adaptive 
strategies, such as increased food and gross energy intake, 
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membrane (Brand, 2000; Speakman et al., 2004). Several 
studies have also demonstrated that an increased metabolic 
rate is not associated with elevated ROS levels in skeletal 
muscle or certain organs, including the liver, heart, lungs, 
spleen, kidneys, and digestive tract (Chen et al., 2014; 
Selman et al., 2002; Stier et al., 2014). The increased UCP1 
content in voles upon cold exposure in previous studies might 
account for the ROS results in our experiment (Liu et al., 
2009; Zhang & Wang, 2006). 

In the present study, high temperature led to an increase in 


oxidation, as indicated by the H,O, levels in the vole heart, 
which is consistent with previous research showing increased 
levels of oxidation at high temperature in broiler chickens (Tan 
et al., 2010). In light of the oxidation handicap hypothesis, 
testosterone may elevate the levels of ROS (Alonso-Alvarez 
et al., 2007, 2008). The increased ROS levels in voles under 
high temperature may also be caused by higher testosterone 
concentration, although no significant correlation was 
detected between H,O, and testosterone levels. 

In general, excessive ROS production can lead to oxidative 
damage (Burton & Jauniaux, 2011; Costantini, 2008; Finkel & 
Holbrook, 2000; Hulbert et al., 2007). In the present study, 
however, MDA content in the liver, heart, kidney, testis, and 
small intestine, which did not respond to high or low 
temperature treatment, was not related to ROS (H,O,) levels. 
This result agrees with several studies in which MDA content 
in the liver and serum of female Mongolian gerbils (Yang et 
al., 2013) or in the liver, heart, muscle, and brain of striped 
hamsters (Zhou et al., 2015) was not affected by high or low 
temperature treatment. This may be because the voles were 
able to maintain or increase SOD, T-AOC, and CAT activity in 
the five tissues, even under high or low temperature 
environments, which removed excessive free radicals. 


Antioxidant defense and hormone profiles 

In the present study, CAT activity in the testis increased upon 
cold exposure but did not change under high temperature. 
Conversely, testosterone levels increased under high 
temperature but did not change with cold exposure. Thus, the 
effects of high temperature on the voles were different from 
those of low temperature. 

Secretion of stress hormones such as corticosterone 
usually increase in animals facing stressful conditions, 
including high or low ambient temperature (Bligh-Tynan et al., 
1993; Kim et al., 2013; Sapolsky et al., 2000). In the current 
study, however, corticosterone concentration in voles was not 
affected by high or low temperature, which is inconsistent with 
other studies showing increased corticosterone levels under 
cold stress (Adels et al., 1986; Shu et al, 1993). This 
discrepancy may be due to the difference in cold exposure 
duration. Secretion of corticosterone usually increases upon 
acute cold exposure, whereas its levels can recover to 
baseline under chronic cold exposure (Bligh-Tynan et al., 
1993). 

Several studies have shown that exogenous corticosterone 
administration can increase oxidative stress and decrease 
SOD activity in rats (Dhanabalan et al., 2010) and birds 
(Alonso-Alvarez et al., 2007; Lin et al., 2004). Here, we found 
that corticosterone concentration did not respond to high or 
low temperature treatment, and it was not correlated with ROS 
and MDA levels or SOD, CAT, and T-AOC activities in the 
liver, heart, kidney, testis, and small intestine (except for a 
negative correlation with SOD activity in the testis). Thus, it 
appears that corticosterone could not fully explain the impact 
of hot and cold temperature on oxidative stress and 
antioxidant capacity in voles. 

The oxidation handicap hypothesis holds that testosterone 


incurs oxidative costs (Alonso-Alvarez et al., 2007, 2008). 
Although the testosterone concentration was significantly 
affected by temperature in the tested voles, it was not 
correlated with H,O, levels, MDA content, or SOD, CAT, and T- 
AOC activities in the five tested tissues (i. e., liver, heart, 
kidney, testis, and small intestine), with the exception of a 
positive correlation with SOD activity in the testis. This result 
is consistent with earlier research demonstrating that 
increased testosterone does not cause oxidative damage to 
DNA but enhances total antioxidant capacity in yellowthroat 
warblers (Geothlypis trichas) (Taff & Freeman-Gallant, 2014). 
Several authors have argued that detection of oxidative costs 
is both tissue and assay-dependent (Yang et al., 2013), 
suggesting that additional parameters and tissues may have 
identified certain direct oxidative costs of testosterone in the 
present study. 


Immunity, body fat, and hormone profiles 

Innate immunity, as indicated by bacteria killing capacity, was 
lower in the 4 °C group than in the 23 °C group. This may be 
due to the reduction of body fat in voles upon cold exposure. 
Adipose tissues are not only considered as endocrine and 
immune organs (Ahima & Flier, 2000; Trayhurn, 2005), but 
also as energy depots for expensive physiological processes, 
including immune function (Demas et al., 1997; Demas, 2004; 
Moret & Schmid-Hempel, 2000). Previous research has 
demonstrated that animals with low energy reserves choose 
to allocate less energy to immune defense than animals with 
higher reserves (Houston et al., 2007). Therefore, reductions 
in body fat can impair immunity (Chandra, 1996; Demas et al., 
2003). In the face of energy demanding conditions, including 
cold environments, trade-offs may occur among different 
physiological processes. Voles might divert energy from less 
critical physiological functions such as immunity to more 
important processes such as thermogenesis for immediate 
survival during cold exposure (Liu et al., 2009; Zhang & Wang, 
2006). However, further research is required to clarify whether 
trade-offs occur between thermogenic capacity and immune 
function under cold environments. 

Both corticosterone and testosterone have suppressive 
effects on immunity (Marketon & Glaser, 2008; Sapolsky et al., 
2000; Trigunaite et al., 2015). In the present study, however, 
we found no correlation between corticosterone and 
testosterone and innate immunity. Thus, these two hormones 
could not account for the variation in immunity observed in 
voles. Recently, several authors have shown that oxidative 
stress may also impair immune function (Costantini & Maller, 
2009; Sordillo & Aitken, 2009). We found that innate immunity 
was negatively correlated with H,O, levels in the liver and 
MDA content in the kidney. Suppression of innate immunity in 
the 4 °C group compared to the control may be caused by 
oxidative stress in voles. 

In the current study, voles exhibited several adaptive 
strategies to cope with high and low temperature. Voles 
increased gross energy intake and active metabolic organs (i. 
e., heart, liver, kidneys) and mobilized energy reserves with 
the decline in temperature. However, voles may maintain or 
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increase antioxidant defense at the cost of innate immunity 
under cold temperature. Therefore, up-regulation or 
maintenance of antioxidant defenses may be crucial for voles 
to survive under dramatically fluctuating ambient temperatures 
from the perspective of oxidative ecology (Boonstra, 2013). 
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ABSTRACT 


Leukocyte cell-derived chemotaxin 2 (LECT2), a 
multifunctional hepatokine, is involved in many 
pathological conditions. However, its role in 
atherosclerosis remains undefined. In this study, we 
administered vehicle or LECT2 to male Apoe” mice 
fed a Western diet for 15 weeks. Atherosclerotic 
lesions were visualized and quantified with Oil-red O 
and hematoxylin staining. The mRNA expression 
levels of MCP-1, MMP-1, IL-8, IL-1P, and TNF-a 
were analyzed by quantitative real-time polymerase 
chain reaction. Serum TNF-a, IL-18, IL-8, MCP-1, 
and MMP-1 concentrations were measured by 
enzyme-linked immunosorbent assay. CD68, CD31, 
and a-SMA, markers of macrophages, endothelial 
cells, and smooth muscle cells, respectively, were 
detected by immunostaining. Results showed that 
LECT2 reduced total cholesterol and low-density 
lipoprotein concentrations in serum and inhibited the 
development of atherosclerotic lesions, accompanied 
by reductions in inflammatory cytokines and lower 
MCP-1, MMP-1, TNF-a, IL-8, and IL-1 B mRNA 
abundance. Furthermore, LECT2 decreased CD68, 
but increased a-SMA in atherosclerotic lesions, 
suggesting an increase in smooth muscle cells and 
reduction in macrophages. In summary, LECT2 
inhibited the development of atherosclerosis in mice, 
accompanied by reduced serum total cholesterol 
concentration and lower inflammatory responses. 
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(LECT2); 
metabolism 
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INTRODUCTION 


Cardiovascular diseases are the leading cause of mortality 
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worldwide. With ageing populations and increasing exposure 
to metabolic risks, deaths due to cardiovascular diseases will 
increase to approximately 23 million by 2030 (GBD 2017 Risk 
Factor Collaborators, 2018). Atherosclerosis is an important 
underlying cause of many clinical cardiovascular events, and 
isa systemic disease characterized by fatty deposits, in 
flammation, cell death, fibrosis, and scar tissue build up within 
the walls of arteries (Mozaffarian et al., 2016). In the early 
stages of atherosclerosis, a large amount of lipids and 
proinflammatory mediators accumulate in macrophages within 
the arterial wall, which become foam cells (Lim & Park, 2014). 
As the disease advances, vascular smooth muscle cells 
(VSMCs) migrate from the media to intima, and then 
proliferate and produce extracellular matrix to form a fibrous 
cap that covers atherosclerotic plaque (Allahverdian et al., 
2018). During this stage, the secretion of many 
proinflammatory cytokines is increased, including interleukin 
(IL)-8, IL-1 B, monocyte chemoattractant protein-1 (MCP-1), 
and tumor necrosis factor (TNF)-a (Chistiakov et al., 2015). In 
the advanced stage, macrophages induce VSMC apoptosis 
via the TNF -o/NO signaling pathway (Boyle et al., 2003) and 
reduce collagen synthesis by secretion of matrix 
metalloproteinases (MMP) (Müller et al., 2014). Although the 
precise pathogenesis of atherosclerosis has not been 
clarified, it is now widely accepted that inflammation and lipid 
disorder both play crucial roles (Ference et al., 2017; Hansson & 
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Libby, 2006). 

Recent studies have demonstrated that a set of 
predominantly liver-derived proteins can directly affect the 
progression of atherosclerosis (Yoo & Choi, 2015). Leukocyte 
cell-derived chemotaxin 2 (LECT2) is a 16 kDa secretory 
protein first isolated from cultured supernatants of 
phytohemagglutinin-activated human T-cell leukemia SKW-3 
cells. It is predominantly secreted by hepatocytes (Yamagoe 
et al., 1998) and is generally expressed in vascular cells, 
endothelial cells, and VSMCs (Slowik & Apte, 2017). Previous 
studies have reported that LECT2 has an inhibitory effect on 
inflammation. In mice, LECT2 deficiency can cause severe 
arthritis, with reductions in the production of cytokines and 
chemokines, e.g., IL-18, IL-6, TNF-a, and MCP-1, after 
exogenous LECT2 injection (Okumura et al., 2008). We 
recently reported that LECT2 can protect mice against 
bacterial sepsis by enhancing phagocytosis and bacterial 
killing of macrophages via CD209a (Lu et al., 2013) and can 
also induce hematopoietic stem cell expansion and 
mobilization (Lu et al., 2016). In human hepatocellular 
carcinoma, low LECT2 expression is correlated with advanced 
histological grade and inflammatory infiltrates. L'Hermitte et al. 
(2019) showed that LECT2-deficient hepatocellular carcinoma 
cells can secrete chemotactic signals, resulting in 
amplification of inflammatory monocytes, which harbor an 
immature phenotype with immunosuppressive capacities and 
tumor-promoting potential. In addition, Zhang et al. (2018) 
discovered that circulating LECT2 concentrations are 
significantly higher in newly diagnosed type-2 diabetic 
patients, especially those that are obese, and that 
concentrations of LECT2 are negatively associated with high- 
density lipoprotein-cholesterol levels. Researchers have also 
found that LECT2 is involved in many other pathological 
conditions, such as obesity (Sargeant et al., 2018), skeletal 
muscle insulin resistance (Jung et al., 2018), non-alcoholic 
fatty liver disease, and metabolic syndrome (Yoo et al., 2017), 
thus suggesting the potential role of LECT2 in atherosclerosis. 
However, such roles remain undefined. The purpose of this 
study was to investigate the effects of LECT2 on 
atherosclerosis in Apoe” mice. 


MATERIALS AND METHODS 


Animals 

Male Apoe ^- and C57BL/6 wild-type mice (6 weeks old, 20+ 
2 g) were purchased from Beijing Vital River Laboratory 
Animal Technology (China). The C57BL/6 mice were fed a 
normal laboratory diet and used as blank controls, whereas 
the Apoe /- mice were fed a Western diet (0.15% w/w 
cholesterol, 40 kcal% butter fat, Beijing Biotech-HD) for 15 
weeks as an atherosclerosis model. All mice were housed in a 
constant temperature (2142 °C) room, under a 12 h dark/12 h 
light cycle in a pathogen-free environment in the Animal Care 
Facility of Ningbo University Medical School according to the 
institutional guidelines. 
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In vivo application of LECT2 

Mice were randomly divided into three groups: i.e., (1) control 
group (C57BL/6 mice, PBS 100 pL, subcutaneous (sc), n=8), 
(2) atherosclerosis (AS) group (Apoe”” mice, PBS 100 pL, sc, 
n=8), and (3) LECT2 group (Apoe ^ mice, LECT2 0.2 mg/kg, 
Sc, n=8). Each mouse received a sc injection every 2 d from 6 
to 21 weeks of age. LECT2 was dissolved in PBS and kept at 
4 °C for 2 d. Two days after the last injection, mice were 
euthanized to analyze and characterize atherosclerosis. 


Recombinant LECT2 protein 

Recombinant mouse LECT2 proteins (purity: 96.20%) were 
produced from CHO cells, as described in our previous 
research (Lu et al., 2013, 2016). 


Measurement of lipid parameters 

Two days after final administration, all mice were sacrificed 
after retro-orbital bleeding. All blood samples were centrifuged 
at 3 000 r/min for 15 min at room temperature to collect 
serum. Commercially available kits were then used to 
measure total cholesterol (TC), total triglyceride (TG), high- 
density lipoprotein cholesterol (HDL-c), and low-density 
lipoprotein cholesterol (LDL-c) concentrations according to the 
manufacturer's protocols. 


LECT2 detection 
The ELISA system used one antibody as the capture antibody 
(rabbit anti-LECT2, C-terminal; Santa Cruz, CA, USA.) and 
another for detection (goat anti-LECT2, N-terminal; Santa 
Cruz, CA, USA.). 


ELISA for cytokines 

Serum concentrations of inflammatory cytokines, TNF-a 
(MTAOOB, R&D Systems , Minneapolis, MN, USA ), IL-18 
(MLBOOC, R&D Systems , Minneapolis, MN, USA), IL-8 (SBJ- 
M0010, Senbeijia Bio. Co, Nanjing, China), MMP-1 (CSB- 
E07417m, CUSABIO, China), and MCP-1 (CSB-E07430m, 
CUSABIO, China) were measured with commercial ELISA kits 
according to the manufacturer' s instructions. Absorbance was 
measured using a Multiskan Ascent plate reader (Thermo 
Electron Corporation, Waltham, Massachusetts, USA ). 


Histological evaluation 

After termination, the periaortic tissue around the aorta was 
cleaned, and the whole aorta from the heart to the abdominal 
aorta was dissected. Atherosclerotic plaque in the aortas was 
stained with 0.596 Oil-red O (Sigma-Aldrich) for 15 min at 
room temperature. After staining, the aortas were washed with 
7096 ethanol and then distilled water. Subsequently, the whole 
aorta was cut open and flattened on a black plate to take 
pictures. Aortic roots were embedded in optimal cutting 
temperature compound (Sakura, Torrance, CA, USA) and 
frozen in ultra-cold isopentane on dry ice. Serial cryosections 
(8 um) were cut along the aortic root specimens at -20 °C 
using a cryotome (HM550, Thermo Scientific, Rockford, IL, 
USA). At least three transverse sections (spaced around 
60 um) from each aortic root were stained with hematoxylin/ 
eosin for histology analyses. Oil-red O staining was performed 


to evaluate the lipid content in the plaque area. Image Pro- 
Plus 6.0 (Media Cybernetics, USA) was used to analyze aorta 
images, following the recent AHA Statement (Daugherty et al., 
2017). 


Immunohistochemistry (IHC) 

IHC staining was performed on 8 um frozen sections of the 
aortic root to detect the proportion of macrophages, 
endothelial cells, and SMCs. Frozen sections were air-dried, 
fixed with cold acetone, and incubated in anti-CD31 antibody 
(1:50 dilution; ab28364, Abcam, USA), anti-CD68 antibody (1: 
50 dilution; ab125212, Abcam, USA), and anti-alpha smooth 
muscle actin antibody (1:200 dilution; ab5694, Abcam, USA), 
respectively, at 4 °C overnight. Substitution of PBS for the 
specific primary antibody was performed as a_ negative 
control. All steps were operated following the instruction 
manual of the SABC (rabbit IgG) -POD kit (Solarbio, Beijing, 
China). Finally, slides were stained with DAB, counterstained 
with hematoxylin, dehydrated, and mounted. Images were 
detected using a Nikon A1R confocal laser scanning 
microscope (Nikon, Tokyo, Japan). Image Pro-Plus 6.0 
software (Media Cybernetics, Rockville, USA) was used to 
analyze the positively stained areas. At least three sections 
were analyzed per aortic root. 


Total RNA isolation and quantitative real-time polymerase 
chain reaction (qRT-PCR) 

Aorta total RNA (five mice from control, AS, and LECT2 
groups) was extracted by Trizol reagent (Invitrogen, Carlsbad, 
CA, USA) following the manufacturer’s protocols. 
Complementary DNA (cDNA) was synthesized using a 
HiFiScript first-strand cDNA synthesis kit (ComWin Biotech, 
Beijing, China) according to the manufacturer's instructions. 
PCR amplification was accomplished using 1xFastStart 
Essential DNA Green Master (Roche, Mannheim, Germany) 
with a LightCycler 480 II instrument (Roche, Switzerland). The 
primer sequences used included (forward and reverse): MCP- 
1, 5-TTAAAAACCTGGATCGGAACCAA-3' and 5'-GCATTAG 
CTTCAGATTTACGGGT-3'; MMP-1, 5'-TGTTTGCAGAGCAC 
TACTTGAA-3' and 5'-CAGTCACCTCTAAGCCAAAGAAA:-3': 
IL-8, 5'-TCGAGACCATTTACTGCAACAG-3' and 5-CATTGCC 
GGTGGAAATTCCTT-3'; IL-18, 5-AGAAGCTGTGGCAGCTA- 
3' and 5'-TGAGGTGCTGATGTACCA-3'; TNF-a, 5-GAACTGG 
CAGAAGAGGCACT-3' and 5-GGTCTGGGCCATAGAACTG 
A-3'; and 18S rRNA, 5-TTTGTTGGTTTTCGGAACTGA-3' 
and 5'-CGTTTATGGTCGGAACTACGA-3'. Data were 
normalized to 18S rRNA and the dosage of the target 
fragments was calculated using the 2-44" method. Sequences 
were confirmed using NCBI BLAST software. 


Statistical analysis 

Results were presented as meanszstandard deviation (SD). 
Statistical analysis was performed using GraphPad Prism 7.0 
(GraphPad Software, San Diego, CA, USA). The Shapiro-Wilk 
test was used to check the normality of the data. If data 
displayed normal distribution, an unpaired Student's t-test 
was used to compare two groups. If the data did not display 


normal distribution, the Mann-Whitney U test was performed. 


RESULTS 


LECT2 inhibited development of atherosclerotic lesions in 
Apoe~’~ mice 

We analyzed the levels of LECT2 in the AS and control groups 
to examine the relationship between serum LECT2 levels and 
atherosclerosis. Results showed that the LECT2 levels in the 
AS group (33.37 £2.85 ng/mL, n=6) were significantly lower 
than that in the control group (43.62#2.20 ng/mL, n=6; P< 
0.05). Oil-red O staining showed no obvious atherosclerotic 
plaque in the control group aortas, but apparent plaque in the 
aortas of the AS group. The LECT2 group had less 
atherosclerotic plaque in the ascending aortic arch and 
thoracic regions compared with the AS group (P«0.001) 
(Figure 1A). Consistently, hematoxylin and Oil-red O staining 
of the aortic sinus for atherosclerotic lesions also showed 
reduced lipid accumulation in the LECT2 group compared with 
the AS group (P«0.001) (Figure 1B). 


LECT2 reduced serum lipids in Apoe”” mice 

There is a close connection between dyslipidemia and 
atherosclerosis (Wang et al., 2018). Compared with the AS 
group, LCET2 administration reduced the serum total 
cholesterol (9274160 mg/dL, 768479 mg/dL, P«0.05), TG (57+ 
16 mg/dL, 33411 mg/dL, P<0.01), HDL-c (123410 mg/dL, 111+ 
7 mg/dL, P<0.05), and LDL-c concentrations (452481 mg/dL, 
374x37 mg/dL, P«0.05) (Figure 2). 


LECT2 reduced mRNA abundance of inflammatory 
cytokines and chemokines 

We performed qRT-PCR to confirm the effect of LECT2 on 
MCP-1, MMP-1, TNF-a, IL-18, and IL-8 mRNA expression. 
Consistent with the systemic inflammation findings, the mRNA 
expression levels of these inflammatory cytokines and 
chemokines in the whole aorta were lower in the LECT2 group 
than that in the AS group (Figure 3A—E). Furthermore, results 
showed a dose-dependent relationship, ^ whereby the 
inflammatory cytokines and chemokines decreased with the 
increase in LECT2 concentration (data not shown). 


LECT2 led to lower serum 
concentrations in Apoe""- mice 
Inflammation is a critical biological process in atherosclerosis 
(Wolf & Ley, 2019). Compared with the control group, serum 
concentrations of inflammatory cytokines and chemokines, 
including TNF-a (P«0.05), IL-1B (P<0.01), IL-8 (P«0.01), MCP- 
1 (P«0.001), and MMP-1 (P«0.001), were higher in the AS 
group. Administration of LCET2 led to reductions of these 
inflammatory cytokines (Figure 3F—J). 


inflammatory cytokine 


LECT2 changed atherosclerotic plaque composition 

We assessed the proportion of smooth muscle cells, 
macrophages, and endothelial cells by IHC staining to 
determine whether LECT2 affected the composition of 
atherosclerotic plaque. Compared with the AS group, LECT2 
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Figure 1 LECT2 attenuated development of atherosclerotic lesions in Apoe~/~ mice 

A: Representative en-face images of Oil-red O-stained aortas from control, AS, and LECT2 groups (n=3 per group). The percentage of 
atherosclerotic plaque area to total aortic surface area was measured using an en-face method. B: Oil-red O staining of aortic sinus sections (n=8 
per group). Data are means+SD. ##: P«0.01, vs. control; **: P<0.01, vs. AS group. Scale bars: 100 um. 


TG 


= = 
o a 
[-] o 


Total cholesterol (mg/dL) 
m 
e 


Total triglyceride (mg/dL) 





Figure 2 Effects of LECT2 on lipid profile in serum 
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Apoe~ mice were fed a Western diet from 6 weeks of age and were treated with 0.2 mg/kg LECT2 every 2 d. A-C: Plasma total cholesterol (TC), 
triglyceride (TG), and low-density lipoprotein cholesterol (LDL-c) concentrations at 21 weeks of age (n=8 per group). Data are means+ SD. #: P< 


0.05, ##: P«0.01 vs. control; *: P«0.05, **: P«0.01, vs. AS group. 


administration increased the number of smooth muscle cells 
(Figure 4A) and reduced the proportion of CD68 macrophages 
(Figure 4B) but had no influence on the proportion of CD31 
endothelial cells in the lesions (Figure 4C). 


DISCUSSION 


In the present study, we investigated the effects of LECT2 on 
the development of atherosclerosis in mice. Results 
demonstrated that LECT2 exhibited an anti-atherosclerotic 
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function, accompanied by a reduction in serum total 
cholesterol concentration and lower inflammatory responses. 
We first measured atherosclerotic lesions in the aortas of 
Apoe” mice and found that LECT2 inhibited atherosclerosis, 
resulting in a 4696 reduction in total plaque size. In addition to 
the observed reduction in plaque, LECT2 also had an effect 
on the serum lipid profile. The liver plays a central role in 
regulating whole body cholesterol homeostasis. Hepatocytes 
maintain cellular cholesterol homeostasis by controlling 
several cholesterol input and elimination pathways. These 


> 
O 





IL-18 IL-8 
20 6 E 8 
- S z 
Bas = 8 $5 
É Be É H * š 
40 # x Ea 
H EF £ 
Bg 3 22 
È g Č 
o ol 
"C o 
euo qu 
v Cad 
$ 
150, # Sot 
# 
4 E NET 
E 100 f " 
2 8 
S a EI 20 
= ao 
9 
cS XX 
gt N 
¥ 


TNF-a 






U 
m 


MCP-1 MMP-1 
15 20 
= 3 d 
$ # $1 
10 s 
# ## 
** É [ED bà 
Bg # s 
ki kk a 
E È 
o ol 
- io o o KA o 
a L E e ge Pa 
G v G M 
T g vos 


c 


8 
S 








è 
S 


200| 


MCP-1 (pg/mL) 
MMP-1 (pg/mL) 


A 
e 
3 

K 


ee 
38 
£ 


ES SU 


Figure 3 LECT2 reduced mRNA expression and serum concentrations of inflammatory cytokines and chemokines in Apoe~’- mice 
mRNA expression of IL-18 (A), IL-8(B), TNF - a(C), MCP-1(D), and MMP-1(E) was quantified by qRT-PCR (n=5 per group). And the serum 
concentrations were determined using enzyme-linked immunosorbent assay (n=8 per group). Data are means SD. #: P«0.05, ##: P«0.01, vs. 


control; *: P«0.05, **: P«0.01, vs. AS group. 
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Figure 4 LECT2 changed atherosclerotic plaque composition 
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Sections of aortic root from control, AS, and LECT2 groups (n=8 per group) immunostained for smooth muscle cells (A: a-SMA), macrophages (B: 
CD68), and endothelial cells (C: CD31). Positive signals are shown in brown. Sections were counterstained with hematoxylin. Data are means+SD. 


THE: P<0.01, vs. control; **: P20.01, vs. AS group. Scale bars: 100 um. 


input pathways are primarily regulated by the sterol regulatory 
element-binding protein (SREBP)-2-mediated cholesterol 
sensing mechanism (Ye & DeBose-Boyd, 2011). In earlier 
studies, Hwang et al. (2015) showed that LECT2 increases 
mTOR phosphorylation and X SREBP-1 cleavage in 
hepatocytes, leading to hepatic lipid accumulation; however, 


the study did not show serum lipid levels or SREBP-2 
expression. Mammalian cells produce three SREBP isoforms, 
which control the anabolic pathways of cholesterol, free fat 
acids, and triglycerides (Engelking et al., 2018). SREBP-1a 
and SREBP-1c are active in driving the transcription of genes 
involved in fatty acid synthesis, whereas SREBP-2 is more 
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active in stimulating transcription of genes involved in 
cholesterol biosynthesis (Ye & DeBose-Boyd, 2011). Based on 
our results, we hypothesize that LECT2 may reduce serum 
TG, TC, and LDL-c concentrations and contribute to its anti- 
atherosclerotic effects by impacting the SREBP pathways. 
However, this needs to be corroborated by subsequent 
studies. 

In addition to lipid accumulation, the inflammatory 
mechanism is another important factor in the pathogenesis 
and clinical manifestation of atherosclerosis. In the process of 
atherosclerosis, proinflammatory factors, including IL-18 and 
IL-8, are expressed by ox-LDL-stimulated endothelial cells 
and VSMCs, which, in turn, activate macrophages, resulting in 
amplification of the inflammatory response (Chistiakov et al., 
2015; Wolf & Ley, 2019). The MCP-1 chemokine, also known 
as CC-chemokine ligand 2, plays an important role in the 
recruitment of monocytes to atherosclerotic lesions, and also 
contributes to thrombin generation and thrombus formation by 
generating tissue factor (Charo & Taubman, 2004). Han et al. 
(1998) reported that elevated plasma LDL concentrations can 
enhance C-C chemokine receptor type 2 (CCR2, receptor for 
MCP-1) expression and chemotactic response. Thus, LECT2 
may reduce MCP-1 expression by decreasing LDL-c 
concentrations. On the other hand, inflammation can increase 
cellular cholesterol uptake and synthesis via up-regulation of 
low-density lipoprotein receptor and 3-hydroxy-3- 
methylglutaryl-coenzyme A reductase, but can decrease 
cholesterol efflux via down-regulation of liver X receptor alpha 
and ATP-binding cassette transporter A1 (Zhong et al., 2015), 
implying that inflammation promotes lipid accumulation and 
foam cell formation by  disrupting cellular cholesterol 
homeostasis. Previous research has also shown that LECT2 
is a direct target gene of the Wnt/B-catenin signaling pathway, 
and B-catenin negatively regulates nuclear transcription factor 
(NF- kB) signaling, which plays an important role in the 
regulation of inflammation responses (Ovejero et al., 2004). 
The results of our study are consistent with the above theory. 
We proved that circulating LECT2 levels were significantly 
lower in atherosclerotic mice, suggesting that LECT2 has an 
inhibitory effect on atherosclerosis. LECT2 mitigated the 
expression and secretion of IL-18, IL-8, TNF-a, and IL-18 
(Figure 3) dose-dependently in Apoe”” mice fed with a 
Western diet, suggesting that LECT2 may inhibit 
atherosclerosis by alleviating inflammatory responses via Wnt/ 
B-catenin signaling. In addition, macrophage-derived MMPs, 
which play a potential role in fibrous cap thinning, are thought 
to promote vascular smooth muscle cell growth and 
extracellular matrix and atherosclerotic plaque homeostasis 
(Johnson, 2007) via degradation of various extracellular 
matrix proteins, including collagens (Moore & Tabas, 2011). 
We found that LECT2 also increased the content of SMCs but 
reduced the proportion of macrophages (Figure 4), likely 
reflecting the role of LECT2 in regulating the composition of 
atherosclerotic plaque. 

In conclusion, we showed, for the first time, that LECT2 
inhibits the development of atherosclerosis in a 
hypercholesterolemic mouse model, accompanied by reduced 
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serum total cholesterol concentration and lower inflammatory 
responses. Our future studies will aim to define the 
mechanisms involved in LECT2 prevention of atherosclerosis 
development. 


COMPETING INTERESTS 


The authors declare that they have no competing interests. 


AUTHORS' CONTRIBUTIONS 


W.M.H., J.A.W., and J.C. conceived and designed the experiments. W.M.H. 
and T. D. performed the experiments, analyzed the data, and wrote the 
manuscript. J. A. W. and J. C. reviewed and corrected the manuscript. All 
authors read and approved the final version of the manuscript. 


REFERENCES 


Allahverdian S, Chaabane C, Boukais K, Francis GA, Bochaton-Piallat ML. 
2018. Smooth muscle cell fate and plasticity in atherosclerosis. 
Cardiovascular Research, 114(4): 540—550. 

Boyle JJ, Weissberg PL, Bennett MR. 2003. Tumor necrosis factor-alpha 
promotes macrophage-induced vascular smooth muscle cell apoptosis by 
direct and autocrine mechanisms. Arteriosclerosis, Thrombosis, and 
Vascular Biology, 23(9): 1553-1558. 

Charo IF, Taubman MB. 2004. Chemokines in the pathogenesis of vascular 
disease. Circulation Research, 95(9): 858-866. 

Chistiakov DA, Orekhov AN, Bobryshev YV. 2015. Vascular smooth muscle 
cell in atherosclerosis. Acta Physiologica, 214(1): 33-50. 

Daugherty A, Tall AR, Daemen MJAP , Falk E, Fisher EA, Garcia-Cardena 
G, Lusis AJ, Owens P, Ill, Rosenfeld ME, Virmani R. 2017. 
Recommendation on design, execution, and reporting of animal 
atherosclerosis studies: A scientific statement from the american heart 
association. Arteriosclerosis, Thrombosis, And Vascular Biology, 37(9): 
E131-E157. 

Engelking LJ, Cantoria MJ, Xu Y, Liang G. 2018. Developmental and 
extrahepatic physiological functions of SREBP pathway genes in mice. 
Seminars in Cell & Developmental Biology, 81: 98-109. 

Ference BA, Ginsberg HN, Graham I, Ray KK, Packard CJ, Bruckert E, 
Hegele RA, Krauss RM, Raal FJ, Schunkert H, Watts GF, Borén J, Fazio S, 
Horton JD, Masana L, Nicholls SJ, Nordestgaard BG, van de Sluis B, 
Taskinen MR, Tokgozoglu L, Landmesser U, Laufs U, Wiklund O, Stock JK, 
Chapman MJ, Catapano AL. 2017. Low-density lipoproteins cause 
atherosclerotic cardiovascular disease. 1. Evidence from genetic, 
epidemiologic, and clinical studies. A consensus statement from the 
European Atherosclerosis Society Consensus Panel. European Heart 
Journal, 38(32): 2459-2472. 

GBD 2017 Risk Factor Collaborators. 2018. Global, regional, and national 
comparative risk assessment of 84 behavioural, environmental and 
occupational, and metabolic risks or clusters of risks for 195 countries and 
territories, 1990-2017: a systematic analysis for the Global Burden of 
Disease Study 2017. Lancet, 392(10159): 1923-1994. 

Han KH, Tangirala RK, Green SR, Quehenberger O. 1998. Chemokine 
receptor CCR2 expression and monocyte chemoattractant protein-1- 


mediated chemotaxis in human monocytes. A regulatory role for plasma 


LDL. Arteriosclerosie, Thrombosis, and Vascular Biology, 18(12): 1983 — 
1991. 

Hansson GK, Libby P. 2006. The immune response in atherosclerosis: a 
double-edged sword. Nature Reviews Immunology, 6(7): 508-519. 

Hwang HJ, Jung TW, Kim BH, Hong HC, Seo JA, Kim SG, Kim NH, Choi 
KM, Choi DS, Baik SH, Yoo HJ. 2015. A dipeptidyl peptidase-IV inhibitor 
improves hepatic steatosis and insulin resistance by AMPK-dependent and 
JNK-dependent inhibition of LECT2 
Pharmacoloyg, 98(1): 157-166. 


Johnson JL. 2007. Matrix metalloproteinases: influence on smooth muscle 


expression. Biochemical 


cells and atherosclerotic plaque stability. Expert Review Cardiovascular 
Therapy, 5(2): 265-282. 

Jung TW, Chung YH, Kim HC, Abd El-Aty AM, Jeong JH. 2018. LECT2 
promotes inflammation and insulin resistance in adipocytes via P38 
pathways. Journal of Molecular Endocrinology, 61(1): 37-45. 

L'Hermitte A, Pham S, Cadoux M, Couchy G, Caruso S, Anson M, Crain- 
Denoyelle AM, Celton-Morizur S, Yamagoe S, Zucman-Rossi J, Desdouets 
C, Couty JP. 2019. Lect2 controls inflammatory monocytes to constrain the 
growth and progression of hepatocellular carcinoma. Hepatology, 69(1): 
160-178. 

Lim S, Park S. 2014. Role of vascular smooth muscle cell in the 
inflammation of atherosclerosis. BMB Reports, 47(1): 1-7. 

Lu XJ, Chen J, Yu CH, Shi YH, He YQ, Zhang RC, Huang ZA, Lv JN, Zhang 
S, Xu L. 2013. LECT2 protects mice against bacterial sepsis by activating 
macrophages via the CD209a receptor. Journal of Experimental Medicine, 
210(1): 5-13. 

Lu XJ, Chen Q, Rong YJ, Yang GJ, Li CH, Xu NY, Yu CH, Wang HY, Zhang 
S, Shi YH, Chen J. 2016. LECT2 drives haematopoietic stem cell expansion 
and mobilization via regulating the macrophages and osteolineage cells. 
Nature Communications, T: 12719. 

Moore KJ, Tabas |. 2011. Macrophages in the pathogenesis of 
atherosclerosis. Cell, 145(3): 341—355. 

Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, 
Das SR, de Ferranti S, Despres JP, Fullerton HJ, Howard VJ, Huffman MD, 
Isasi CR, Jimenez MC, Judd SE, Kissela BM, Lichtman JH, Lisabeth LD, 
Liu S, Mackey RH, Magid DJ, McGuire DK, Mohler ER, 3rd, Moy CS, 
Muntner P, Mussolino ME, Nasir K, Neumar RW, Nichol G, Palaniappan L, 
Pandey DK, Reeves MJ, Rodriguez CJ, Rosamond W, Sorlie PD, Stein J, 
Towfighi A, Turan TN, Virani SS, Woo D, Yeh RW, Turner MB. 2016. Heart 
disease and stroke statistics-2016 update: A report from the American Heart 
Association. Circulation, 133(4): e38--360. 

Müller A, Kramer SD, Meletta R, Beck K, Selivanova SV, Rancic Z, 
Kaufmann PA, Vos B, Meding J, Stellfeld T, Heinrich TK, Bauser M, Hitter 
J, Dinkelborg LM, Schibli R, Ametamey SM. 2014. Gene expression levels 


of matrix metalloproteinases in human atherosclerotic plaques and 
evaluation of radiolabeled inhibitors as imaging agents for plaque 
vulnerability. Nuclear Medicine and Biology, 41(7): 562—569. 

Okumura A, Saito T, Otani I, Kojima K, Yamada Y, Ishida-Okawara A, 
Nakazato K, Asano M, Kanayama K, Iwakura Y, Suzuki K, Yamagoe S. 
2008. Suppressive role of leukocyte cell-derived chemotaxin 2 in mouse 
anti-type Il collagen antibody-induced arthritis. Arthritis & Rheumatism, 
58(2): 413-421. 

Ovejero C, Cavard C, Périanin A, Hakvoort T, Vermeulen J, Godard C, 
Fabre M, Chafey P, Suzuki K, Romagnolo B, Yamagoe S, Perret C. 2004. 
Identification of the leukocyte cell-derived chemotaxin 2 as a direct target 
gene of B-catenin in the liver. Hepatology, 40(1): 167—176. 

Sargeant JA, Aithal GP, Takamura T, Misu H, Takayama H, Douglas JA, 
Turner MC, Stensel DJ, Nimmo MA, Webb DR, Yates T, King JA. 2018. The 
influence of adiposity and acute exercise on circulating hepatokines in 
normal-weight and overweight/obese men. Applied Physiology, Nutrition, 
and Metabolism, 43(5): 482-490. 

Slowik V, Apte U. 2017. Leukocyte Cell-Derived Chemotaxin-2: It's role in 
pathophysiology and future in clinical medicine. Clinical and Translational 
Science, 10(4): 249-259. 

Wang Y, Ding WX, Li T. 2018. Cholesterol and bile acid-mediated regulation 
of autophagy in fatty liver diseases and atherosclerosis. Biochimica et 
Biophysica Acta. Molecular and Cell Biology of Lipids, 1863(7): 726-733. 
Wolf D, Ley K. 2019. Immunity and inflammation in atherosclerosis. 
Circulation Research, 124(2): 315-327. 

Yamagoe S, Mizuno S, Suzuki K. 1998. Molecular cloning of human and 
bovine LECT2 having a neutrophil chemotactic activity and its specific 
expression in the liver. Biochimica et Biophysica Acta, 1396(1): 105-113. 

Ye J, DeBose-Boyd RA. 2011. Regulation of cholesterol and fatty acid 
synthesis. Cold Spring Harbor Perspectives in Biology, 3(7): 4004754. 

Yoo HJ, Choi KM. 2015. Hepatokines as a link between obesity and 
cardiovascular diseases. Diabetes & Metabolism Journal, 39(1): 10-15. 

Yoo HJ, Hwang SY, Choi JH, Lee HJ, Chung HS, Seo JA, Kim SG, Kim NH, 
Baik SH, Choi DS, Choi KM. 2017. Association of leukocyte cell-derived 
chemotaxin 2 (LECT2) with NAFLD, metabolic syndrome, and 
atherosclerosis. PLoS One, 12(4): e0174717. 

Zhang Z, Zeng H, Lin J, Hu Y, Yang R, Sun J, Chen R, Chen H. 2018. 
Circulating LECT2 levels in newly diagnosed type 2 diabetes mellitus and 
their association with metabolic parameters: An observational study. 
Medicine, 97(15): e0354. 

Zhong S, Zhao L, Li Q, Yang P, Varghese Z, Moorhead JF, Chen Y, Ruan 
XZ. 2015. Inflammatory stress exacerbated mesangial foam cell formation 
and renal injury via disrupting cellular cholesterol homeostasis. 
Inflammation, 38(3): 959-971. 


Zoological Research 40(4): 317-323, 2019 323 


ZOOLOGICAL RESEARCH 


Morphology-based intraspecific taxonomy of 
Oreocryptophis porphyraceus (Cantor, 1839) in 
mainland China (Serpentes: Colubridae) 


DEAR EDITOR, 


In this study, a total of 106 individuals of Oreocryptophis 
porphyraceus from mainland China were morphologically 
examined and recorded. Differences between populations 
were compared by combining data from this study and other 
published research. The skulls of three specimens representing 
three proposed subspecies (i.e., O. p. pulchra, O. p. vaillanti, 
and O. p. hainana) were examined by computed tomography 
(CT) scanning. Both external morphological characters and 
skull comparisons consistently showed significant differences 
between the studied populations. Based on these data, we 
suggest that at least four subspecies of O. porphyraceus 
should be recognized in mainland China: i. e., O. p. 
porphyraceus, O. p. pulchra, O. p. vaillanti, and O. p. hainana. 
However, the taxonomical arrangement of the central Chinese 
populations with intermediate morphology remain unresolved. 

The red-bamboo rat snake Oreocryptophis porphyraceus 
(Cantor, 1839) (Figure 1) is a medium-sized colubrid widely 
distributed in southern and southeastern Asia, including India, 
Nepal, Bhutan, Myanmar, Thailand, Vietnam, Laos, Malaysia, 
Singapore, Indonesia, and China (Boundy et al., 2014). Within 
China, the species ranges from southern Xizang in the west to 
Taiwan in the east and from Gansu and Shaanxi in the north 
to Hainan in the south (Zhao, 2006). 

The species was originally described as  Coluber 
porphyraceus based on specimens from the Mishmee Hills (= 
Mishmii Hills) in Assam, India (Cantor, 1839), after which it 
was transferred into the genus Elaphe by Denburgh (1909). 
Finally, based on molecular phylogeny inferred from 
mitochondrial DNA, Utiger et al. (2002) erected the monotypic 
genus Oreocryptophis to accommodate the species. 

The intraspecific taxonomy of O. porphyraceus has long 
been controversial. Nine subspecies have been proposed 
historically, with six originally described from China, though 
seven are thought to occur (Table 1). 

Schulz & Entzeroth (1996) recognized seven of the nine 
subspecies mentioned in Table 1, except for O. p. vaillanti 
(Sauvage, 1877) and O. p. sikiangensis (Mell, 1931), based 
primarily on body patterns (Figure 2), and proposed that five 
subspecies, excluding O. p. coxi (Schulz & Entzeroth, 1996) 
and O. p. laticincta (Schulz & Entzeroth, 1996), could be 
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found in China. Zhao (2006) suggested that O. porphyraceus 
should be identified as three subspecies in China: i.e., O. p. 
porphyraceus in southwest China, O. p. nigrofasciata (Cantor, 
1839) in central and eastern China, and O. p. hainana (Mell, 
1931) on Hainan Island. However, Das (2012) did not follow 
this taxonomical arrangement, instead advocating O. p. pulchra 
(Schmidt, 1925) in southern China, O. p. vaillanti in eastern 
China, and O. p. kawakamii (Oshima, 1910) on Taiwan Island. 
It should be noted, however, that all proposed taxonomical 
arrangements have been based on pholidosis, body patterns, 
and incomplete samples. 

To explore the intraspecific diversity and clarify how many 
subspecies are present in mainland China, we examined the 
external morphology of O. porphyraceus specimens preserved 
in Chinese museums and also compared the skulls of several 
specimens from different populations. 

In total, 47 characters related to scalation, coloration pattern, 
and body dimensions were examined and recorded for 106 
specimens (49 males, 52 females, five juveniles; see 
Appendix I for details). 

Measurements were taken with a digital slide-caliper to 0.1 
mm except for snout-vent length (SVL), tail length (TL), and 
length of black flank stripes (BFS), which were measured by a 
measuring tape to 1 mm. The characters and their definitions 
are listed in Appendix Il. Characters and their definitions 
followed Zhao (2006) and Zhong et al. (2017). For comparison, 
other data were obtained from previous literature (Pope, 1935; 
Schulz & Entzeroth, 1996; Zhao et al., 1998). 

The skulls of three specimens from Yunnan (YBU 14076), 
Zhejiang (YBU 17246), and Hainan (YBU 12007), representing 
three proposed subspecies (i.e., O. p. pulchra, O. p. vaillanti, 
and O. p. hainana), were examined using CT scanning at the 
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Figure 1 General view of Oreocryptophis porphyraceus from Yunnan (A: O. p. pulchra), Zhejiang (B: O. p. vaillanti), Hainan (C: O. p. 
hainana), and Sichuan (D: central China population) 


Chengdu Institute of Biology (CIB), Chinese Academy of 
Sciences (CAS). Specimens were scanned at 70 KV with a 
flux of 114 pA, with other parameters set following Shi et al. 
(2017). A total of 720 transmission images were reconstructed 
into a 2 048x2 048 matrix of 802 slices using VGStudio max 
(a three-dimensional reconstruction program) developed by 
CIB, CAS. Based on the photos, 20 characters were recorded 
or measured by direct counting, Snake Measure Tool software, 
or digital slide-caliper. Measurements and descriptive methods 
for different bones and characters followed Cundall (1981) 
and Guo et al. (2010) and their abbreviations are listed in 
Appendix Il. 

Among the 106 specimens examined, the maximum total 
length was 1 096 (9304166) mm. The following characters 
were identified: 9-16 cross-bands on body, 2-5 on tail; each 
cross-band occupying 2— 17 rows of vertebrae. Loreal 1 
(absent in three individuals); preocular 1; postoculars 2; 
temporals 1*2 (rarely 141, 143), supralabials 8, 3-2-3 (rarely 
7, 3-2-2, 2-2-3); infralabials 8—10, 3-2-3, 3-2-4, 4-2-3, or 4-2-4 
(rarely 11, 4-2-5), with first 4-5 touching anterior chin-shields; 
dorsal scales in 19-19-17 rows (rarely 19-19-15), all smooth; 
ventrals 177—203 in males, 181—209 in females; subcaudals 
53-76 pairs in males, 50-71 in females. Two black flank 
stripes extending from tip of tail through to whole body or 
interrupted at mid body. Black stripe present on middle of 





head, sometimes extending beyond posterior edge of parietal; 
on lateral head, two black stripes extending immediately 
behind eyes to first cross-band or to black flank stripes. 

Several characters were significantly different between 
populations. For example, the specimens from southwestern 
China (Yunnan, Western Guizhou, and Southwestern 
Sichuan, same below) showed black head stripe exceeding 
posterior edge of parietal (vs. absent in other populations) and 
black flank stripes not exceeding half of total length (vs. 
exceeding half of total length in other populations); specimens 
from the Hainan population possessed more than 70 pairs of 
subcaudals (vs. less than 70 pairs in other populations). A 
detailed comparison of external morphology is listed in 
Supplementary Table S1. 

The skulls of the three representative specimens were 
generally consistent with other colubrid snakes (Cundall, 
1981; Zhang, 1988). The skulls were also phenotypically 
similar in some characters, including bulbiform parietal and 
post-orbits not touching frontals (Figure 3). However, the 
skulls also exhibited several differences; e.g., weak parietal 
ridge in southwestern China populations (vs. strong in other 
populations), posterior margin of frontal straight in Hainan 
population (vs. curved in other populations), supratemporals 
extending beyond posterior end of braincase in other 
populations (vs. not in southwestern China population), post- 
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Table 1 Subspecies proposed for Oreocryptophis porphyraceus 
Subspecies Original description Type locality 
O. p. porphyraceus Coluber porpnyracsus Assam, India 


(Cantor, 1839) 


Singapore (doubted), E 


Psammophis nigrofascia- 
tus (Cantor, 1839) 


China was designated 
as type locality by 
Smith (1930) 


O. p. nigrofasciata 


Simotes vaillanti (Sau- 


O. p. vaillanti vage, 1877) E China 

O. p. kawakamii OPES Kawakami SIS Taiwan, China 
ma, 1910) 

O. p. pulchra Elaphe porphyracea pul- Kunming, Yunnan, 


chra (Schmidt, 1925) China 


Elaphe porphyracea hain- 


ana (Mell, 1931) mainan, Ghina 


O. p. hainana 


Elaphe porphyracea sikian- 
gensis (Mell, 1931) 


O. p. sildanaensis Luofushan, Guang- 

e g dong, China 
e Elaphe porphyracea la- 
M p.laticimeta ticincta (Schulz, 1996) 
Elaphe porphyracea coxi 


(Schulz, 1996) NE Thailand 


O. p. coxi 


orbits triangular in southwestern China population (vs. broad T- 
shaped in eastern inland China population and arc-shaped in 
Hainan population). Detailed descriptions and comparisons of 
the three skulls are listed in Supplementary Table S2. 

Based on comparison of external morphology and skull 
characteristics, we suggest that at least four subspecies of O. 
porphyraceus should be recognized in mainland China: i.e., 
O. p. porphyraceus, O. p. pulchra, O. p. vaillanti, and O. p. 
hainana. The diagnostic characters and approximate 
geographical distribution of each subspecies are discussed 
below and shown in Supplementary Table S3. 

Oreocryptophis p. porphyraceus (Figure 2 A) was originally 
diagnosed by “bright porphyry-red, with black transverse lines 
edged with white, posterior portion of body with two black 
parallel dorsal lines; beneath light yellow; ventral scales 213; 
subcaudals 64" (Cantor, 1839). No topotype was available for 
morphological examination in this study. However, Prof. Jing 
Che from the Kunming Institute of Zoology, Chinese Academy 
of Sciences, recorded a juvenile (KIZ019349) from Motuo 
county, Xizang Autonomous Region, China, which is very close 
to the type locality of this subspecies (personal communication). 
The specimen possessed 206 ventrals, 58 pairs of subcaudals, 
and 23 cross-bands on its body, much more than that in other 
populations. Considering its proximity to the type locality, we 
regard the specimens from southeastern Xizang as O. p. 
porphyraceus. 
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Malaysia and Sumatra 


Diagnostics Distribution 


India, Nepal, Bhutan, 
Myanmar, NW Thailand, 
W Yunnan China 


Black flank stripe along posterior of 
body 


Black flank stripe along entire of 


body E China, N Vietnam 


Black head stripe not exceeding the 
posterior edge of parietal; black 
flank stripes along whole body 


E China 


6th supralabial touching parietal, 


i Taiwan Province of China 
cross-bands 4 scales wide 


Similar to O. p. porphyracea, but dis- 
tinguished by fewer ventrals (177 - 
185) and subcaudals (51 - 56) 


Yunnan, Sichuan, W Guizhou, 
Gansu, Shaanxi of China 


Similar to O. p. nigrofasciata, distin- 


guished by more than 70 subcaudals Hainan Province of China 


Similar to O. p. nigrofasciata, ven- 
trals 195, subcaudals 72 


Guangdong and Fujian 
provinces of China 


Much wider cross-bands, covering 


9-15 rows of dorsal scales Malaysia and Indonesia 


Distinctly broad flank stripes, lacking 
cross-bands in adults, which may be 
observed on necks of juveniles 


NE Thailand 


Oreocryptophis p. pulchra was named based on specimens 
from Kunming, Yunnan Province. It was distinguished from O. 
p. porphyraceus by having fewer ventrals (177—185) and 
subcaudals (51—56 pairs) (Schmidt, 1925). 

Morphological comparison indicated that specimens from 
the southwestern China population shared the following 
characters: ventrals less than 209, cross-bands on body 11— 
17, black head stripe extending beyond posterior edge of 
parietal, and black flank stripes visible only on posterior third 
of body (Figures 1A, 2B; Supplementary Table S1). Additionally, 
the skull from Yunnan was slender, with very weak parietal 
ridge, supratemporals did not exceed beyond posterior edge 
of braincase, and post process of prefrontal was not 
significant (Figure 3A; Supplementary Table S2). The numbers 
of ventrals and subcaudals fell within the range of those from 
the southern Yunnan, western Guizhou, and southwestern 
Sichuan populations (177—209  ventrals and 50-67 
subcaudals, respectively. Supplementary Table S1). 

Based on the above, we agree with Das (2012), Schmidt 
(1925), and Schulz & Entzeroth (1996) that the specimens 
from southwest China, including Yunnan, western Guizhou, 
and southwestern Sichuan should be identified as O. p. 
pulchra. 

Three names have been proposed for the eastern inland 
China (Jiangsu, Anhui, Zhejiang, Jiangxi, Fujian, northeastern 
Guangdong, Hong Kong, eastern Hunan, eastern Hubei, and 





Figure 2 Body patterns of Oreocryptophis porphyraceus 
summarized by Schulz (1996) 

A: Adult O. p. porphyraceus; B: Adult O. p. pulchra; C: Adults O. p. 
vaillanti and O. p. hainana; D: Juveniles O. p. porphyraceus and O. p. 
pulchra; E: Juveniles O. p. vaillanti and O. p. hainana. 


southeastern Henan) population: i. e.  Psammophis 
nigrofasciatus (O. p. nigrofasciata), Simotes vaillanti (O. p. 
vaillanti), and Elaphe porphyracea sikiangensis (O. p. 
sikiangensis). Oreocryptophis p. nigrofasciata was originally 
described based on specimens from Singapore and 
diagnosed by "light reddish-yellow above, with broad cross- 
bands and two barbed dorsal lines of the same color; the 
interval between these dorsal lines dotted with black; ventrals 
245; subcaudals 75" (Cantor, 1839). Smith (1930), followed 
by several other authors (e.g., Pope, 1935; Schulz & Entzeroth, 
1996; Zhao, 2006), suggested that the type locality of O. p. 
nigrofasciata was most likely incorrect, and thus eastern 
China was designated as the type locality of this subspecies. 
Within the specimens (40 individuals) we examined from 
eastern inland China, the maximum number of ventrals was 
209 (214 in Zhao (2006)), much lower than that in the original 
description (Cantor, 1839); in addition, there were no more 
than 70 pairs of subcaudals. Obviously, the specimens from 
eastern inland China could not be identified as O. p. 
nigrofasciata. 

The specimens from eastern inland China shared the 
following characters: cross-bands on body less than 11, black 
head stripe not exceeding posterior edge of parietal, black 
flank stripes extending along whole body, less than 70 pairs of 


subcaudals (Figures 1B, 2C; Supplementary Table S1). From 
the Zhejiang specimen skull, the anterior portion was short, 
ventral process of basioccipital was strong, and posterior 
edge of supraoccipital was strong (Figure 3B; Supplementary 
Table S2). These characters were distinct from the other 
populations but were congruent with the diagnostic characters 
of O. p. vaillanti proposed by Sauvage (1877): "The black 
head stripe does not exceed the posterior edge of the parietal, 
the black flank stripes extend from the back of the eyes and 
along the body to the end of the tail". Oreocryptophis p. 
sikiangensis was originally described from Guangdong 
Province, China, as by having 195 ventrals and 72 subcaudals 
(Mell, 1931). In fact, except for the subcaudals, its pholidosis 
and color pattern are in line with those of O. p. vaillanti. Thus, 
we suggest that the population from eastern inland China 
should be recognized as O. p. vaillanti. 

The specimens from Hainan Island were originally described 
as Elaphe porphyracea hainana (O. p. hainana) and as having 
more than 70 pairs of subcaudals (vs. less than 70 in other 
subspecies). This arrangement was accepted by Schulz & 
Entzeroth (1996), but not by Das (2012); Zhao et al. (1998) 
proposed that some specimens from Guangdong and Guangxi 
have more than 70 pairs of subcaudals, and thus stated that 
this subspecies was likely invalid. However, Zhao (2006) 
subsequently recognized the validity of O. p. hainana. 

Based on our examination and previously published data 
(Zhao et al., 1998), 17 out of 19 specimens from Hainan 
(89.596) had more than 70 subcaudals, with only two females 
(10.5%) having fewer (Supplementary Table S1). The specimens 
from Hainan also exhibited the following unique skull characters: 
blunt, basioccipital process tall, posterior end of frontal 
straight, and post-orbit arc-shaped (Figure 3C; Supplementary 
Table S2). 

Therefore, based on external and skull morphology, we 
suggest that O. p. hainana is valid, and maybe endemic to 
Hainan, China. 

In addition to the populations mentioned above, the central 
China population (including northern Guangxi, eastern Guizhou, 
western Hunan, Chongqing, northern and eastern Sichuan, 
Gansu, Shaanxi, western Henan, and western Hubei) exhibited 
intermediate external morphology between the southwestern 
China and eastern inland China populations in body coloration 
and pholidosis. For example, the average numbers of 
ventrals, subcaudals, and cross-bands (189.83/58.8/10.68) of 
the central China population were between those of the 
southwestern China population (185.36/56.65/13.52) and 
eastern inland China population (196.06/64.61/9.8); the black 
flank stripes extended along the whole body or were only 
present in the posterior part of the body (Supplementary Table 
S1), and occasionally the black flank stripes were indistinct or 
intermittent anteriorly. However, based on current data, we 
cannot conclude to which subspecies it should be assigned, 
or whether the central China population represents a different 
subspecies altogether. 

It should be noted that the above taxonomical arrangement 
was mainly based on morphological comparison. Subspecies 
boundaries and particularly subspecies geographical 
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B1 C1 


0.5 cm 7 E 0.5 cm 


A2 B2 


0.5 cm 0.5 cm A 0.5 cm 


B3 C3 


0.5 cm sa 0.5cm 





Figure 3 CT scans of skulls of Oreocryptophis porphyraceus from Yunnan (A: O. p. pulchra), Zhejiang (B: O. p. vaillanti), and Hainan (C: 
O. p. hainana) 
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distributions were not clearly determined. Further study using 
genetic data and complete sampling could provide evidence 
to clarify these issues. 
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APPENDIX Il 
Characters recorded and their abbreviations. 


External morphology: SVL: Snout-vent length; TL: Tail length; Vs: Number of ventrals; Sc: Number of subcaudals; RBFSL: Ratio of 
black flank stripes to total body length; NCB: Number of cross-bands; BHS: Black head stripe exceeding posterior edge of parietal 
or not; CBCRD: Cross-band on body covering dorsal rows along body vertebrae; CTCRD: Cross-band on tail covering rows of 
dorsal tail scales along caudal vertebrae; CBBL: Length of cross-band on body along body vertebrae; CBTL: Length of cross-band 
on tail along caudal vertebrae; SIL: Length of sulcus between internasals; SPfL: Length of sulcus between prefrontals; FL: Length 
of frontal; HL: Length of head; ML: Length of mouth; SupOL: Length of supraoculars; PL: Length of parietal; NL: Length of nasals; 
LL: Length of loreals; BFSL: Length of black flank stripes; MWI: Maximum width between outside of internasals; MWPf: Maximum 
width between outside of prefrontals; FW: Maximum width of frontal; HW: Maximum width of head; PW: Maximum width of 
parietals; SupOW: Maximum width of supraoculars; NW: Width of nasals; LW: Width of loreals; EO: Diameter of eyes; BHSL: 
Length of black head stripe; CBW: Position where sides of cross-bands transversely extend; VS19 — 17: Ventral position 
corresponding to reduction from 19 to 17 scale rows of dorsal; Sc12 - 10: Subcaudal position corresponding to reduction of dorsal 
tail scales from 12 to 10 scale rows; Sc10-8: Subcaudal position corresponding to reduction of dorsal tail scales from 10 to 8 scale 
rows; Sc8-6: Subcaudal position corresponding to reduction of dorsal tail scales from 8 to 6 scale rows; Sc6 - 4: Subcaudal 
position corresponding to reduction of dorsal tail scales from 6 to 4 scale rows; Sc4-2: Subcaudal position corresponding to 
reduction of dorsal tail scales from 4 to 2 scale rows. 

Skull bones: An: Angular; Bo: Basioccipital; Bs: Basisphenoid; Co: Columellar; Cp: Compound bone; Dt: Dentary; Ec: 
Ectopterygoid; Eo: Exoccipital; Fr: Frontal; Mx: Maxilla; Na: Nasal; Pa: Parietal; Pro: Pre-orbit; Pl: Palatine; Pm: Premaxilla; Po: 
Post-orbit; Pr: Prootic; Pt: Pterygoid; Qt: Quadrae; Sm: Septomaxilla; So: Supraoccipital; Sp: Splenial; St: Supratemporal; Vo: 
Vomer. 

Skull characters: SL: Skull length; SW: Skull width; AP: Anterior portion; PL: Parietal length; FL: Frontal length; StL: 
Supratemporal length; PoL: Postfrontal length; SPLW: Skull proportion of SL (from front top of premaxilla to post end of exoccipital 
along mid line of head) to SW (widest parietal); RAPS: Relative length of anterior portion to HL; RLFr: Relative length of frontal to 
HL; RLP: Relative length of parietal to HL; RLS: Relative length of supratemporal to HL; RLQ: Relative length of quadrate to HL; 
RLM: Relative length of mandible to HL; RLPf: Relative length of postfrontal to HL; NPaT: Number of palatine teeth; NMT: Number 
of maxilla teeth; NDT: Number of dentary teeth; PR: Parietal ridge; SEBB: Supratemporal extending beyond posterior end of 
braincase; FSE: Fused (or not) supraoccipital and exoccipital; BoP: Basioccipital process; PP: Prefrontal process; BsP: 
Basisphenoid process; PeF: Posterior end of frontal; SdP: Supraoccipital dorsal process; SPo: Shape of post-orbit. 
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ZOOLOGICAL RESEARCH 


A new cave-dwelling blind loach, Triplophysa erythraea 
sp. nov. (Cypriniformes: Nemacheilidae), from Hunan 


Province, China 


DEAR EDITOR, 


A new blind loach species, Triplophysa erythraea sp. nov., 
from a karst cave in Hunan Province, central south China, is 
described based on morphology and cyt b gene sequencing. It 
can be distinguished from other species of Triplophysa by the 
following combination of characters: eyes absent; body 
scaleless and colorless; caudal-fin 17; maxillary barbel 
longest; fins transparent, compressed pectoral-fin reaching 2/ 
3 distance between pectoral-fin and pelvic-fin origins; pelvic- 
fin and dorsal-fin origins relative; posterior chamber of 
airbladder well developed, long, oval, and dissociative. 

Blindfish possess distinctly degenerated or completely lost 
eyes due to their cave or subterranean water system or deep 
ocean habitats (Zhao & Zhang, 2009). These specialized fish 
species are found within Cypriniformes, mostly belonging to 
Sinocyclocheilus or Triplophysa, and inhabit various inland 
river systems in China (Zhang & Dai, 2010). The genus 
Triplophysa (Nemacheilidae, Cypriniformes) is comprised of 
small fish living in streams and primarily distributed in the 
Tibetan Plateau and adjacent areas (He et al., 2011; 
Jacobsen et al., 2017; Xiao & Dai, 2011). A total of 202 
species have been reported within the genus (Eschmeyer et 
al., 2018), including a number of cave-dwelling species (or 
populations) specialized for living in — underground 
environments (Lan et al., 2013; Li et al., 2008; Yan, 2017). So 
far, a total of 30 cave-dwelling species of Triplophysa are 
known to occur in China (Li et al., 2017, 2018; Wu et al., 2018; 
Yan, 2017), of which 27 species have been identified from 
Yunnan, Guizhou, and Guangxi, and two from Chongqing (T. 
rosa) and Hunan (T. xiangxiensis) (Lan et al., 2013; Li et al., 
2017; Wu et al., 2018; Yan, 2017; Zhang & Zhao, 2016; 
Figure 1). 

In this paper, we describe a new species of cave-dwelling 
Triplophysa found during our exploration of cave animals in 
the Xiangxi Tujia and Miao Nationality Autonomous 
Prefecture, Hunan Province, central south China. 

Specimens were collected in Dalong Cave (N28° 16'25.11", 
E109° 28'57.18", 563 m a. s. IL), Huayuan County, Hunan 
Province, central southern China. Morphometric 
measurements were made on fresh specimens with a digital 
caliper (0.01 mm) and a stereomicroscope (XTL-165VT) in 
accordance with the protocols described in the literature 
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(Kottelat, 1984; Zhu, 1989). An abdominal muscle sample was 
removed and placed in ethanol (70%) for genome DNA 
extraction. The specimens were then preserved in formalin 
(10%) and deposited in the Zoological Collection Room, 
College of Biology and Environmental Sciences, Jishou 
University. 

DNA extraction and mitochondrial cytochrome b (cyt b) 
gene sequencing were carried out as described previously 
(Yan, 2017). Samples were sequenced by Sangon Biotech 
(Shanghai, China) using the Sanger method on an ABI 3707 
(ABI, USA) instrument. The sequencing results were uploaded 
to GenBank after the Blast program was run in the NCBI 
database for confirmation, and the cyt b sequences of several 
approximate species were downloaded for molecular analysis. 
Genetic distances were calculated by Mega 7.0 (Kumar et al., 
2016) based on the Kimura 2-parameter (K2p) model (Kimura, 
1980). 


Taxonomy 
Triplophysa erythraea sp. nov. Liu & Huang 
Figures 2, 3; Table 1. 


Etymology: The specific name “erythraea” is derived from 
the blood-red body color of the living fish. Although their body 
surface is colorless and transparent, the red blood vessels are 
visible. 


Holotype: HY18022802, intact, undissected, 105.98 mm TL 
(total length), 88.22 mm SL (standard length); Dalong Cave, 
Huayuan County, Hunan, central southern China, 28 February 
2018; coordinates N28°16'25.11", E109°28'57.18", 563 m a.s.l.. 


Paratypes: HY18011301, dissected, 81.53 mm TL, 68.49 mm 
SL, 13 January 2018; HY18022801, dissected, 109.34 mm 
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Figure 1 Distribution of Triplophysa erythraea sp. nov. ( X), T. 
xiangxiensis (6), and T. rosa (Bl) 





Figure 2 Morphology of Triplophysa erythraea sp. nov. 
A: Dorsal view; B: Ventral view of head; C: Exterior view of digestive 
duct; D: Ventral view of bony capsule and rearward airbladder. 


TL, 88.58 mm SL, 28 February 2018; two specimens collected 
with holotype. 


Diagnosis: Triplophysa  erythraea sp. nov. can be 
distinguished from all species of Triplophysa by the following 
combination of characters: eyes absent; body scaleless and 
colorless; pectoral-fin ii-10, dorsal-fin ii-8, pelvic-fin ii-5, anal- 
fin i-6, caudal-fin 17; maxillary barbel longest; fins transparent, 
compressed pectoral-fin reaching 2/3 of distance between 
pectoral-fin and pelvic-fin origin; pelvic-fin and dorsal-fin origin 
relative; edge of compressed pelvic-fin reaching anus; caudal- 
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fin forked; posterior chamber of airbladder well developed, 
long, oval, and dissociative. 


Description: External characteristics: Morphometric data of 
the new species specimens are given in Table 1. Dorsal-fin ii- 
8, anal-fin i-6, pectoral-fin ii-10, pelvic-fin ii-5, caudal-fin 17, 11 
gill rakers in inner row on first gill arch. Cephalic lateral-line 
canals with 4 supratemporal, 7-9 supraorbital, 249-11 
infraorbital, and 12 preoperculo-mandibular pores. Lateral line 
complete, with 63-67 pores. 

Body elongated, scaleless, body side compressed 
posteriorly; abdominal organs and vessels of barbel, fins, and 
body side visible. Eyes absent. Ventral view of head fusiform, 
dorsum of head slightly concave in middle, posterior trunk 
becoming gradually smaller; trailing edge of gill covers widest 
and highest point of body. Snout dull, mouth inferior, upper 
and lower jaw arched. Edge of jaws leathery, upper jaw more 
developed, dentate process in center of maxilla. Lips 
developed, smooth, papillary process absent, lower lip with V- 
type median notch. 

Naris circular, slanting down; anterior and posterior naris 
close, diameter of posterior naris larger; anterior naris in 
elongated nose flap without barbel-like tip, nose flap 
developed as triangular petal. Three pairs of developed 
barbels; one pair of inner rostral barbels, outer rostral barbel, 
and maxillary barbel, respectively; maxillary barbel longest, 
outer rostral barbel longer than inner rostral barbel. 

Fins transparent, pterygiophore clearly visible. Pectoral-fin 
compressed reaching 2/3 of distance between pectoral-fin and 
pelvic-fin origin, first branched ray not extended; dorsal-fin 
distally truncate, dorsal-fin compressed slightly longer than 
pelvic-fin. Distance from dorsal-fin origin to caudal-fin origin 
closer than to snout. Pelvic-fin origin and dorsal-fin origin 
equal, edge of pelvic-fin reaching anus. Distance from pelvic- 
fin origin to anal-fin origin and caudal-fin origin to anal-fin 
origin equidistant. Caudal-fin forked, lobe tip; anus close to 
anal-fin origin. 


Internal structure: Four pairs of gill arches, gill filaments 
intensive. Anterior chamber of airbladder wrapped in dumbbell- 
shaped bony capsule; posterior chamber expanded, 
dissociative, long, and oval. Stomach enlarged and U-shaped. 
Back of intestine bent in Z-shape. Length of intestine shorter 
than body length, indicating that new species is a possible 
demersal carnivorous fish. 


Coloration: Live adults of the new species are bright red in 
color (Figure 3A, B), which is related to their visible blood 
vessels, not by skin pigmentation. Larvae are reddish white. 
Adults fixed in 10% formalin are pale (Figure 2A). 


Sexual dimorphism: No sexual dimorphism was observed 
in the specimens examined. 


Distribution and habitat: The new species is known only 
from Dalong Cave, Huayuan County, Hunan Province, China 
(Figure 1). At the cave entrance is a hydroelectric hub, from 





Figure 3 Live specimens of Triplophysa erythraea sp. nov. 


Table 1 Morphometric data of Triplophysa erythraea sp. nov. (all in mm) 





liem Holotype Paratypes Müsnisn 
HY18022802 HY18011301 HY18022801 

Total length (TL) 105.98 81.53 109.34 98.95115.18 
Standard length (SL) 88.22 68.49 88.58 81.76411.50 
Head length (HL) 23.44 18.49 23.44 21.79#2.86 
Dorsal length 16.44 15.72 18.14 16.7741.24 
Pelvic length 13.40 10.74 13.4 12.5141.54 
Pectoral length 17.96 14.65 25.35 19.324+5.48 
Anal length 13.72 9.67 14.73 12.7142.68 
Body depth/(SL) (%) 13.59 13.00 16.37 14.32+1.80 
Predorsal length/(SL) (%) 53.63 52.62 55.14 53.8041.27 
Prepectoral length/(SL) (%) 28.71 26.19 28.71 27.8741.45 
Preanal length/(SL) (%) 76.91 75.61 76.91 76.48x0.75 
Caudal-peduncle length/(SL) (96) 18.18 16.67 18.18 17.68x0.87 
Caudal-peduncle depth/(SL) (96) 7.73 7.13 9.18 8.21x0.84 
Length of dorsal-fin base/(SL) (96) 11.41 11.32 12.77 11.83x0.81 
Length of anal-fin base/(SL) (96) 7.89 6.29 7.87 7.35x0.92 
Length of pectoral-fin base/(SL) (96) 5.07 4.53 5.07 4.8940.31 
Length of pelvic-fin base/(SL) (%) 2.45 2.45 7.45 4.1242.89 
Upper jaw length/(SL) (%) 5.60 5.60 6.69 5.96x0.63 
Lower jaw length/(SL) (96) 4.55 4.34 5.00 4.6340.34 
Mouth width/(SL) (%) 6.69 6.69 7.78 7.05x0.63 
Nose width/(HL) (96) 17.36 17.36 18.39 17.70x0.59 
Outer rostral barbell length/(HL) (96) 27.22 27.22 40.18 31.54£7.48 
Inner Rostral barbell length/(HL) (96) 20.69 16.66 22.17 19.84x2.85 
Maxillary barbell length/(HL) (96) 31.53 31.53 43.19 35.4246.73 


which rushes out a fast-flowing underground river (Figure 4). 
The new species was found 200--450 m into the cave tunnel 
from the entrance, with a mean water temperature and pH of 
13.5 °C and 6.0, respectively. A total of 14 blind fish (including 
12 adults and two larvae) were found in the resting shallow 
waters during our two surveys. We did not reach the end of 
the cave during the surveys due to the presence of an 
underground river. Additional research would be beneficial to 


understand the eco-biological characteristics of this new 
species in threatened conditions. 

Molecular analysis: The length of the cyt b gene sequence 
was 1 140 bp (GenBank accession No.: MG967615), and the 
average content of the A, T, C, and G bases was 28.2%, 
28.2%, 28.2%, and 15.4%, respectively. NCBI Blast analysis 
showed that the new species had highest similarity (90%) to T. 
lewangensis, although their genetic distances was 11.996, 


Zoological Research 40(4): 331-336, 2019 333 





Figure 4 Habitat of Triplophysa erythraea sp. nov. 
A: Dalong cave pool where specimens were collected; B: Waterfall at 
cave entrance during rainy season. 


(Table 2), which surpassed the interspecies-averaged genetic 
distance (11.5%) of cave-dwelling Triplophysa based on the 
cyt b gene (Yan, 2017). 


Table 2 K2p genetic distances based on the cyt b gene between 
Triplophysa erythraea sp. nov. and approximate species of 
Triplophysa 





NG: anay accession No.) 1 2 3 

1 New species (MG967615) 

2 T. lewangensis (KU987438) 0.119 

3 T. xiangxiensis (KT751089) 0.127 0.089 

4 T. rosa (JF268621) 0.131 0.099 0.096 


Although eyeless, with a scaleless and colorless body, the 
new species displayed a highly developed lateral line and 
barbel, indicating that it was a typical cavefish (Zhang & Dai, 
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2010; Zhao & Zhang 2006). Furthermore, it was easily 
distinguished from other species in the genus Triplophysa due 
to differences in eye normality or degeneration into a small 
black dot. Eyeless species in Triplophysa include T. gejiuensis 
(Chu & Chen, 1979), T. xiangxiensis (Yang et al., 1986), T. 
shilinensis (Chen et al., 1992), T. longibarbatus (Chen et al., 
1998), T. qiubeiensis (Li et al., 2008), T. huanjiangensis (Yang 
et al., 2011), T. jiarongensis (Lin et al., 2012), T. lihuensis (Wu 
et al, 2012) T. fengshanensis (Lan et al, 2013) T. 
dongganensis (Lan et al., 2013), and T. anshuiensis (Wu et 
al., 2018). 

The new species can be distinguished from T. xiangxiensis, 
T. longibarbatus, and T. jiarongensis by the following 
characters: compressed pectoral-fin reaching 2/3 of distance 
between pectoral-fin and pelvic-fin origin (vs. compressed 
pectoral-fin reaching or exceeding origin of pelvic-fin). It can 
be distinguished from T. lihuensis, T. fengshanensis, and T. 
dongganensis by the following characters: maxillary barbel 
longest, caudal-fin forked (vs. outer rostral barbel longest, 
caudal-fin shallow). The new species can be distinguished 
from T. gejiuensis by the following characters: distance from 
dorsal-fin origin to caudal-fin origin closer than to snout; 
maxillary barbel longest (vs. distance from dorsal-fin origin to 
snout closer than to caudal-fin origin; outer rostral barbel 
longest). It can be distinguished from T. shilinensis by the 
following characters: head tapered, front of dorsal-fin slightly 
compressed; posterior chamber of airbladder well developed; 
caudal-fin 17 (vs. head long and pointed, front of dorsal-fin 
slightly cylindrical; posterior chamber of  airbladder 
degenerated; caudal-fin 14). It can be distinguished from T. 
huanjiangensis by the following characters: lip smooth, 
papillary process absent; pelvic-fin origin relative to vertical 
line of dorsal-fin origin; lateral line complete (lip papillary 
process present; pelvic-fin origin anterior to vertical line of 
dorsal-fin origin; lateral line absent). It can be distinguished 
from T. qiubeiensis by the following characters: lip developed, 
smooth, papillary process absent; dentate process in center of 
maxilla; dorsal-fin distally truncate; posterior chamber of 
airbladder well developed (vs. lip developed, smooth, papillary 
process present; no dentate process in center of maxilla; 
dorsal-fin distally truncate; posterior chamber of airbladder 
degenerated). It can be distinguished from T. anshuiensis by 
the following characters: maxillary barbel longest; pigments 
absent (vs. inner rostral barbel longest; black pigments 
irregularly present on dorsum of body). 

The genetic distances indicated that the new species was 
most closely related to T. lewangensis, although the values 
surpassed the interspecies-averaged genetic distances (Yan, 
2017) and T. lewangensis possess eyes (Liang & Zhou, 
2019). In conclusion, based on morphology and cyt b gene 
sequencing, the blind loach collected from Dalong Cave (N28° 
16'25.11", E109° 28'57.18"), Hunan Province, central south 
China, was designated as a new species: Triplophysa 
erythraea sp. nov. 

In particular, the live adult coloration (bright-red) of the new 
species was different from that of other cave-dwelling 
Triplophysa species (whitish, pink, or gill cover red). The 


collected individuals of the new species were fed for one 
month in our laboratory and did not change body color during 
that time. This suggests that the new species should be 
formally designated as albino; however, further research is 
required to determine whether the pigment regulator genes 
were lost. 
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Transcription profiles of skin and head kidney from 
goldfish suffering hemorrhagic septicemia with an 
emphasis on the TLR signaling pathway 


DEAR EDITOR, 


Hemorrhagic septicemia is an acute, highly fatal disease that 
affects goldfish (Carassius auratus). To gain a_ better 
understanding of related immune genes, the transcriptomes of 
the skin and head kidney of goldfish suffering hemorrhagic 
septicemia were sequenced, assembled, and characterized. 
Based on functional annotation, an extensive and diverse 
catalog of expressed genes were identified in both the skin 
and head kidney. As two different organs, pair-wise 
comparison identified 122/77 unigenes up/down-regulated 
(two-fold change with P<0.05) in the skin and head kidney. 
Most genes of the immune pathways were expressed and 
isolated in both skin and head kidney, including interferon 
(IFN) transcription factors 1-10 and Toll-like receptors (TLRs). 
Interferon regulatory factor 3 (IRF3), a key IFN transcription 
factor, was up-regulated at the transcriptional level by 
polyriboinosinic: polyribocytidylic acid (poly I:C) challenge and 
regulated the IFN response by increasing the activity of 
IFN-B and  IFN-stimulated response element  (ISRE)- 
containing promoter. This study will benefit the identification 
and understanding of novel genes that play important roles in 
the immunological reactions of fish suffering from hemorrhagic 
septicemia. 

The goldfish is not only an important ornamental and 
aquacultural fish in China, but also one of the most common 
aquarium fish worldwide (Shin & Choi, 2014) Rapid 
development of large-scale and highly intensive goldfish 
farming has increased outbreaks of disease, resulting in 
serious effects on aquaculture production (Choe et al., 2017). 
Hemorrhagic septicemia is often caused by stress and 
overcrowding. Both the innate and acquired immune 
pathways may be initiated in fish with hemorrhagic septicemia 
(Montero et al., 2009). 

Teleosts possess both innate and adaptive immunity (Vasta 
et al., 2011). In addition, signal transduction in regard to 
immunity has been studied in mammals intensively. For 
example, in the Toll-like receptor signaling pathway, the innate 
immune system responds to pathogenic microorganism 
invasion using TLRs via recognition of specific molecular 
patterns present in microbial components. Therefore, distinct 
patterns of gene expression induced by the stimulation of 
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different TLRs result not only in the activation of innate 
immunity but also the development of acquired specific 
antigen immunity (Akira & Takeda, 2004) Increased 
expression of immune genes such as IRF 3, IRF 7, IFN- 
stimulated genes (ISG)15, Type I IFN, and Interferon-induced 
GTP-binding protein Mx has been observed when viral copy 
numbers of the hemorrhagic septicemia virus (VHSV) are 
high, thus revealing their important roles in host defense 
against VHSV (Avunje et al, 2011) To the best of our 
knowledge, no related data have been reported regarding 
gene expression patterns related to hemorrhagic septicemia 
in goldfish. The identification of genes from infected fish could 
assist in the discovery of a cure for the disease. As a physical 
barrier in fish, the skin contains natural antibodies and 
protects against causative agent penetration (Bos & 
Kapsenberg, 1993; Hatten et al., 2001). Skin is considered the 
largest immunologically active organ in fish and differs from 
that of terrestrial vertebrates. A comprehensive understanding 
of fish skin is important for the development of new products 
such as mucosal vaccines aimed at improving the health of 
cultured fish (Beck & Peatman, 2015). The main cells found in 
the head kidney are macrophages, which aggregate into 
structures called melanomacrophage centers, and lymphoid 
cells, which are found at all developmental stages and exist 
mostly as B cells (Kobayashi et al., 2006). 

In this study, one-year-old water-cultured goldfish were 
clinically diagnosed with hemorrhagic septicemia based on 
external reddening and hemorrhaging. Healthy fish, identified 
by their appearance and activity, were collected and randomly 
separated into two groups. The control-group was 
intraperitoneally injected with sterile phosphate buffer solution 
(PBS) and the treatment-group was injected with poly I:C 
(0.5 ug/g body weight; Sigma-Aldrich, USA) dissolved in 
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sterile PBS. Organs, including skin, brain, liver, stomach, head 
kidney, ovary, and testes, were obtained from five individuals 
in each group 12 h after poly 1:C treatment. 

Trizol reagent (Invitrogen, USA) was used to extract total 
RNA as per the manufacturer' s instructions. Genomic DNA of 
zebrafish was obtained from skeletal muscle tissue samples 
using the phenol/chloroform method. 

An Illumina HiSeq library was constructed following the 
manufacturer' s instructions. Multiplexed cDNA libraries mixed 
with a normalized concentration of 10 nmol/L were developed. 
The HiSeq 2000 platform (Illumina Inc., USA) was then used 
to sequence the library with the paired-end approach in a 
single run. 

Stringent filtration and de novo assemble of the mixed raw 
sequencing reads from three samples were performed. The 
contigs assembled from all clean reads with Trinity software 
were then employed to estimate protein-coding regions 
through the GetORF module of the EMBOSS package (Itaya 
et al., 2013). Whether the read count for a given gene could 
be mapped depended on its sequence length and sequencing 
depth, with gene expression standardized by reads per kb per 
million reads (RPKM) (Mortazavi et al., 2008). The expression 
levels of all genes were compared (via RPKM) using MA plot- 
based DEGseq with random sampling (Wang et al., 2010). 
The threshold of the q value was determined by the Benjamini- 
Hochberg method with multiple tests. In the present study, “q< 
103” and "|log2 (RPKM a/RPKM b)|22" were used to judge 
organ-biased genes. 

Quantitative polymerase chain reaction (qPCR) was carried 
out to measure irf3 gene expression with the iTaq Universal 
SYBR Green Supermix (Bio-Rad, USA) package, as per our 
previous study (Wang et al., 2016). The qPCR primers are 
listed in Supplementary Table S1. 

The full-length cDNA of goldish IRF3 was amplified with two 
pairs of primers, IRF3-ORF and IRF3-FLAG, using nested 
PCR, followed by cloning and insertion into the pCMV3-FLAG 
plasmid (Sigma) using double-enzyme restriction. In the same 
manner, the zebrafish IFN-B promoter was cloned and 
inserted into the luciferase reporter vector PGL3-Basic with 
the primer DrIFNB -promoter. The primers used are listed in 
Supplementary Table S1. In the IRF3-pCMV3-FLAG plasmid, 
FLAG tag was merged with the N-terminal of IRF3. 

Transfection of human 293T cells with plasmid and 
Lipofectamine 2000 was performed following the 
manufacturer’ s protocols. The 293T cells were seeded onto 
24-well plates and cotransfected with different doses of 
pCMV3-FLAG-IRF3 together with 100 ng of zebrafish IFN—B 
promoter luciferase reporter plasmid and 10 ng of pRL-TK 
(Promega, USA). 

After 24 h post-transfection and lysis of 293T cells with 
Reporter Lysis Buffer (Promega, USA), luciferase activity was 
evaluated with Dual-Luciferase Assay Reagent (Promega, 
USA). In addition, the human 293T cells were transfected with 
different doses of pCMV3-FLAG-IRF3 plasmid (0, 200, 400, 
and 600 ng) and an equal amount of internal reference pRL- 
TK plasmid (10 ng). Western blotting was performed as per 
our previous study (Gu et al., 2016). 
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Sequencing of the two libraries derived from the two organs 
generated 32 554 292 and 39 305 131 raw reads, 
encompassing 14.37 Gb of sequences, which is enough for 
quantitative analysis of gene expression profiles. After 
trimming for de novo assembly, we obtained 28 646 938 
(87.99%) and 34 682 151 (88.24%) clean reads from the skin 
and head kidney, respectively. All reads were assembled into 
30 119 unigenes ranging from 201 bp to 36 481 bp, with an 
average length of 2 004 bp and N50 length of 2 906 bp (Table 
1) The raw sequence data from transcriptome shotgun 
assembly (TSA) were deposited in GenBank (accession No. 
GBZM00000000.1). 

Results showed that 751 and 1 249 unigenes were unique 
to the skin and head kidney, respectively (Figure 1A). In 
addition, pair-wise comparisons revealed that 112/77 
unigenes were up/down-regulated by at least a two-fold 
change between the skin and head kidney (Figure 1B). To 
characterize these differentially expressed genes (DEGs) 
between the skin and head kidney, we conducted GO 
annotation and KEGG pathway analyses. The GO annotation 
results showed that the DEGs could be assigned into 74, 17, 
and 15 categories of biological process, cellular component, 
and molecular function, and subsequently separated into 104 
subcategories. Subcategories of “cytoskeleton organization”, 
“transport”, and “cellular component” were the main gene 
enrichment categories. The differentially expressed unigenes 
belonged to 51 KEGG subcategories (Figure 1C). 

We identified 1475 proteins associated with immune 
function. Furthermore, 221 proteins, accounting for 15% of 
total selected proteins, were identified in the transcriptome as 
belonging to the chemokine signaling pathway. As the result of 
the inflammatory response, chemokines are released from 
various cells after bacterial infection. Here, 57 genes from the 
Toll-like receptor signaling pathway were expressed in both 
skin and kidney (Supplementary Figure S1). In addition, as 
IFN transcription regulators, the IRF family (IRF1~10) and 
TLR1 were selected for reverse transcription PCR (RT-PCR), 
as those genes are expressed in different organs, including 
the skin and head kidney (Figure 2A). Based on RNA-seq and 
RT-PCR analyses, the goldfish skin and head kidney were 
both found to express important immune genes. 
Determination of differences in mRNA expression level in 
goldfish IRF3 was carried out using RT-PCR for the two 
organs in the diseased, poly |:C-treated, and control fish. After 
12 h stimulation with poly I:C, mRNA expression was 
increased significantly in the skin and head kidney; however, 
the increase was not significantly different between the poly I: 
C-treated and diseased fish (Figure 2B). 

The typical zebrafish interferon— promoter dual luciferase 
reporter assay was carried out to evaluate the relationships 
among goldfish IRF3 (Figure 3A). As shown in Figure 3A, 
transfection of Irf3 expression plasmid was demonstrated in a 
dose-dependent manner (Figure 3B). Interferon — 8. promoter 
activity was significantly activated by the over-expression of 
goldfish IRF3 in the 293T cells compared with the empty 
vector (P«0.05) (Figure 3C). This indicated that goldfish IRF3 
likely participates in IFN signaling in innate immunity. 


Table 1 Summary statistics of RNA-seq data 


Total 

Skin 
Obtained from sequencing 
Reads 32 5542 92 


Nucleotides (bp) 

After trimming for de novo assembly 
Reads 

Nucleotides (bp) 


6 510 858 400 


28 646 938 
5 529 141 837 


Head kidney 


39 305 131 
7 861 026 200 


34 682 151 
6 692 024 669 





De novo assembly 


Contigs 

Total length (bp) 157 725 712 
Sequence number 488 213 
Longest sequence length (bp) 36 468 
Average length (bp) 323 

N50 467 
Transcripts 

Total length (bp) 341 412 899 
Sequence number 256 284 
Longest sequence length (bp) 36 481 
Average length (bp) 1332 

N50 2 603 
Unigene 

Total length (bp) 60 368 848 
Sequence number 30 119 
Longest sequence length (bp) 36 481 
Average length (bp) 2 004 

N50 2 906 


Skin is the first immune barrier and effectively eliminates 
risk from outside pathogenic organisms. As an active 
immunological microenvironment, it is quite different from 
other barrier tissues between the body and exterior 
environment (Bos & Kapsenberg, 1993). 

The skin mucus consists of several defensive systems, 
including antibody (Palaksha et al., 2008) and innate and 
acquired immune systems (Alvarez-Pellitero, 2008). Human 
skin transcriptome reveals many immune genes associated 
with epidermal wound healing, such as up-regulated IRF1, 
IRF7, IRF8, and interferon receptors (Nuutila et al., 2012). 
Next-generation sequencing identified over 600 000 reads 
assembled into 34 696 transcripts from the skin of Atlantic 
salmon (Salmo salar), representing a wide variety of genes, 
including immune-related ones (e.g., cytokines, chemokines, 
lectins, and interleukins) (Micallef et al., 2012). 

The head kidney forms the front part of the fish kidney and 
undertakes immune functions much like mammalian bone 
marrow, e. g., hematopoiesis (Press & Evensen, 1999). The 
head kidney in fish is a basic organ forming blood elements, 
thus it is potentially useful for identifying new immune-related 
genes (Gerdol et al., 2015). Moreover, it is a fundamental 


organ of the fish immune system, and a source of diverse cell 
effector types and of hematopoietic stem cells in teleosts 
(Kobayashi et al., 2006). It has been reported that many 
unigenes from the head kidney in grass carp are involved in 
the Toll-like, RIG-I-like, and RIG-I-like receptor signaling 
pathways (Chen et al., 2012). Furthermore, gene expression 
of pro-inflammatory cytokines, including TNF-a, TNF-, IL-6, 
IL-17A/F3, and IFN-y, and other cytokines, including IL-4/13A, 
IL-4/ 13B, and Type I-IFN, is increased in particulate silica- 
stimulated head kidney cells in Japanese pufferfish (Takifugu 
rubripes) (Morimoto et al., 2016). 

Between the two organs, we identified 750 (2.5396) and 
1 248 (4.34%) genes showing organ-specific expression, with 
112 and 77 genes highly and lowly expressed in the skin and 
head kidney, respectively. The main reason for this variance 
may be their different cell compositions, thus indicating 
possibly different reaction mechanisms to the same pathogen 
from different organs. 

In this study, a set of genes associated with the immune 
response were expressed in both organs. Similar findings 
have been presented in previous human studies (Gerdol et 
al., 2015; Nuutila et al., 2012). As an important innate immune 


Zoological Research 40(4): 337-342, 2019 339 


"Log(P-Value) 
Skin 
(28 870) 


Volcano plot -Logi0(P-Value) 


head kidney vs. skin 





Carbohydrate metabolism 

Energy metabolism 

Lipid metabolism . 

Nucleotide metabolism 

[Amino acid metabolism . . 

Metabolism of other amino acids 

Glycan biosynthesis and metabolism 

Metabolism of cofactors and vitamins, 

Metabolism of terpenoids and polyketides 

Biosynthesis of other secondary 

Metabolites | Í . 

Xenobiotics biodegradation and metabolism 
verview 





[Transcription 
[Translation |. | 
kolding, sorting and degradation 





Replication and repair 

Membrane HESS 

Signal transduction : : 
Signaling molecules and interaction 





ransport and catabolism 
Ce|| motility 
ell growth and death 





(Cell communication 
mmune system 
Endocrine system 
Circulatory system 
Digestive 5ystem 
Excretory system 
Nervous system 

Sensory system 
Development , 
Environmental adaptation 





cancers . 
mmune diseases i 
Neurodegenerative diseases 
Substance dependence 
Cardiovascular diseases 
Endocrine and metabolic diseases 








ases. 








Inf 
&prono|ogy: antiinfectives 

Chronology: antineoplastics 
Chronology: nervous system agents 
Chronology: other drugs N 
arget based classification: G Protein- 
coupled receptors. 

Target based classification: nuclear 
receptors ND 

[Target based classification: ion channels 
arget based classification: transporters 
arget based classification; enzymes 
Structure based classification 

Skeleton based classification 














Pathway classification enrichment 





Figure 1 Differential gene expression profiles of goldfish skin and head kidney 
A: Venn diagram showing number of total genes expressed in skin and head kidney. B: Volcano plot of differentially expressed genes. Scatter-plot of 
-log ^ *"9 against log," Chanse) expression in head kidney/skin. In total, 77 genes up-regulated on left (blue) and 112 genes down-regulated on 


right (blue) (FDR«0.001). C: KEGG pathway classification of DEGs. 
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Figure 2 mRNA expression analysis of several genes from TLR signaling pathway 
A: Reverse transcription-polymerase chain reaction analysis of 11 genes from interferon synthesis-related pathways in different organs, B-actin was 
constitutively expressed and used as a control to evaluate integrity of RNA and efficiency of RT-PCR. B: qPCR analysis of IRF3 expression in skin 
and head kidney from different groups. B-actin was used as a control to evaluate amount and quality of RNA. Densitometry values are means+SD. 
Different lowercase letters indicate significant differences (P<0.05). HS: Hemorrhagic septicemia-infected fish group. 
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Figure 3 Luciferase reporter assay 

A: Reporter and effector plasmids. CV: Human cytomegalovirus 
immediate early enhancer/promoter; DrINFB: Zebrafish interferon B 
promoter (first letter of initiation codon ATG is defined as +1, 
nucleotides from -2 000 to +1 were cloned into the luciferase reporter 
plasmid); TK: Human herpes simplex virus thymidine kinase promoter; 
FLAG: FLAG tag; irf3: medaka irf3 cDNA; luc: firefly luciferase. B: 
Western blotting analysis of Irf3 expression in cells at different plasmid 
concentrations. C: Goldfish IRF3 activation of IFNBluc. pFLAG empty 
plasmid (EV; negative control) and luciferase reporter plasmids 
pIFNpluc or plSREluc plus pRL-TK (internal control reporter) were co- 
transfected into 293T cells. At 24 h post-transfection, cells were lysed 
for luciferase assay. Different lowercase letters indicate significant 
difference at P«0.05. 


pathway, the Toll-like receptor signaling pathway was selected 
here for further study. All IRF family members and TLRs were 
expressed extensively in the two organs. To some degree, 
these results indicate that the goldfish skin and head kidney 
react to external stimuli by expressing immune genes and 
other cytokines to participate in the immune response. 

In mammals, an IFN response is triggered by the activation 
of IRF3, a downstream adaptor of the TLR3 signaling 
pathway, following stimulation with poly I: C (Taniguchi et al., 
2001). In this study, similar to IRF3 in other fish species (Gu et 


al., 2016; Holland et al.; Sun et al., 2010), the significant 
induction of IRF3 in goldfish by poly I:C stimulation indicated 
that IRF3 might play an important role in virus infection. It has 
been reported that mammalian IRF3 is a key transcriptional 
factor in the mediation of the type | IFN-dependent immune 
response against DNA or RNA-virus infection (Honda & 
Taniguchi, 2006). Mammalian IRF3 activates the mRNA 
transcription of type | IFN genes (IFN—-o and —B) and ISG by 
binding to the ISRE on their promoters (Honda & Taniguchi, 
2006; Paun & Pitha, 2007). Recently, it has been confirmed 
that IRF3 in fish plays a potential role in the IFN response as 
IFN- 8 and ISRE-containing activities can be induced by the 
over-expression of IRF3 (Holland et al., 2008; Sun et al., 
2010). The characterization of the IRF3 function domain and 
positive relationship between IFN-P and IRF3 revealed by the 
luciferase reporter assay in this study suggests that goldfish 
IRF3 functions as a key regulator in the IFN response 
signaling pathway. 
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